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Abstract
The study of low energy weak interactions of light quarks and leptons continues to provide
important insights into both the Standard Model as well as the physics that may lie beyond it. We
review the status and future prospects for low energy electroweak physics. Recent important ex-
perimental and theoretical developments are discussed and open theoretical issues are highlighted.
Particular attention is paid to neutrino physics, searches for permanent electric dipole moments,
neutral current tests of the running of the weak mixing angle, weak decays, and muon physics.
We argue that the broad range of such studies provides an important complement to high energy
collider searches for physics beyond the Standard Model. The use of low energy weak interactions
to probe novel aspects of hadron structure is also discussed.
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1 Introduction
1.1 Overview
The study of low energy weak interactions of light quarks and leptons has played an important role in
elucidating the structure of the electroweak (EW) interaction. From the early observations of nuclear
β decay, through the discovery of the neutrino, and up to the observation of neutral current (NC)
interactions in atomic parity violation (APV) and parity violating (PV) electron scattering, these studies
have contributed decisively to the shape of the Standard Model (SM) [1,2] as we know it. As of today,
the SM has been tested and confirmed at the 0.1% level in processes for which perturbation theory is
applicable, and the absence of any substantial systematic disagreements with the SM — other than the
non-vanishing neutrino mass — indicates that whatever physics lies beyond it must be of the decoupling
type. Indeed, the search for such “new physics” is now the driving force in particle physics as well as
in various subfields of both nuclear and atomic physics.
This search is motivated by both theoretical and experimental considerations. Theoretically, the SM
presents a number of unsatisfying features, despite its simplicity and phenomenological successes: the
hierarchy problem (instability of the EW scale), the unexplained origins of mass and violation of discrete
symmetries (e.g., parity), and the lack of unification with gravity to name a few examples. Similarly,
experimental observations of neutrino oscillations, along with cosmological phenomena of dark matter
and energy and the matter-antimatter asymmetry, have posed puzzles for particle physics that cannot
be solved within the SM. The quest for answers to these questions is clearly one that must be pursued
through experiments at high energy colliders, where direct signatures of new particles would be found.
At the same time, however, highly precise measurements carried out at lower energies will continue to
provide important clues as to the shape of the larger framework in which the SM must be embedded.
Historically, precision EW measurements — at both high and low energies — have provided impor-
tant insights into various aspects of the SM. For example, the stringent limits obtained on the permanent
electric dipole moments of the neutron and neutral atoms imply that the so-called θ-term [4] in the
SU(3)C sector of the SM has an unnaturally small coefficient, leading one to suspect the existence of
some new symmetry to explain it. From a somewhat different perspective, the study of EW radiative
corrections to precision observables and their dependence on the top quark mass, mt, led to a predicted
range before the top quark was discovered at the Tevatron. The agreement between the measured value
ofmt and the implications of precision measurements provided a stunning confirmation of the SM at the
level of radiative corrections. Finally, the study of weak decays of baryons and mesons taught us that
flavor mixing among quarks is rather minimal, in striking contrast to what has emerged for neutrinos
from recent neutrino oscillation studies.
In the future, one would like to obtain analogous insights about the structure of what will become
the new Standard Model, and in this respect, precision EW measurements performed at a variety of
energy scales will continue to be needed. In what follows, we review the status of studies invoving low
energy weak interactions of the lightest quarks and leptons and the role they are likely to play in the
next decade. After summarizing the status of the SM and briefly reviewing the most widely considered
scenarios for physics beyond it, we address various classes of low energy studies that may shed new
light on what this physics could be. Our breakdown of these studies includes: NC phenomena, such as
neutrino and charged lepton scattering; weak decays; phenomena forbidden or suppressed by symmetries
such as CP and lepton flavor; and the properties of neutrinos. We also include the anomalous magnetic
moment of the muon, given its recent high visibility as well as its potential sensitivity to new physics
(NP) beyond the SM. Among these topics, we especially highlight neutrino physics, which has brought
about a revolution in our understanding of the EW interaction in the past few years, and the searches
for permanent electric dipole moments, where advances in experimental techniques raise the possibility
of another revolution in the next decade. Given the limitations of space for this review, there are also
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topics we have chosen to omit, such as the weak decays and flavor oscillations of heavy quarks. This
choice implies no bias on our part regarding the importance of the latter topics, but rather reflects
the particular emphasis of this article on the lightest quarks and leptons (for recent reviews of heavy
flavor physics, see Refs. [5–10]). We have endeavored to include the most recent experimental results,
although it is possible, in the course of compiling this review, we have overlooked developments that
occurred after a particular section was written.
Finally, we emphasize that within the SM itself, there remain important elements of both the weak
and strong interaction that remain to be tested or more deeply understood. From the standpoint of the
EW interaction, one of the most fundamental quantities that has yet to be fully explored is the weak
mixing angle, θW (defined in subsection 1.2). The scale dependence of gauge couplings above the weak
scale can be used to predict the value of sin2 θW at the weak scale in various grand unified theories
(GUTs), a feature that has been used — in conjunction with measurements of the weak mixing angle
at the Z pole — to test or rule out various scenarios. On the other hand, the SM makes a definite
prediction for the running of sin2 θW below the Z pole [11,12]. Unlike the gauge couplings of QED
and QCD, whose running below the weak scale has been stringently tested in a variety of ways, the
low scale running of sin2 θW has been tested precisely in only a handful of experiments. This situation
is summarized in Figure 1. To date, only four types of experiments that probe sin2 θW below the Z
pole with high precision have been completed or approved: cesium APV [13,14], deep-inelastic neutrino-
nucleus scattering [15], PV Møller scattering [16], and PV elastic electron-proton scattering [17]. Unlike
the situation with the QED and QCD couplings, the experimental picture of the low scale running of the
weak mixing angle is not entirely settled. There exists a need for additional precision EW measurements
at low energies that would further test this fundamental prediction of the SM.
Perhaps a broader arena of SM physics that still presents a variety of challenges to particle and
nuclear physicists is that of non-perturbative strong interactions. While the predictions of QCD for
perturbative phenomena, heavy quark systems, and chiral dynamics have been tested and confirmed
at an impressive level, deep questions remain as to the origins of confinement, the nature of chiral
symmetry breaking, and the attendant implications for the quark and gluon substructure of matter.
The recent flurry of activity involving baryons with exotic quantum numbers, such as the Θ+ (see, e.g.,
Ref. [18] and references therein), only deepens the sense of mystery that surrounds non-perturbative
QCD. While a review of these issues clearly lies outside the purview of this article, we do note that — in
the past decade — considerable attention has been paid to the use of the low energy EW interaction as
a tool to study certain aspects of non-perturbative QCD. Consequently, we also include a short synopsis
of EW probes of the strong interaction at the end of the article.
In the next Subsection, we briefly review the basic structure of the SM, with the main purpose to
fix our notation and conventions.
1.2 The Standard Model
The Standard Model of the strong and EW interactions is based on gauge interactions with gauge group,
SU(3)C × SU(2)L × U(1)Y , (1)
where the factors refer to color, isospin, and hypercharge, respectively. The corresponding gauge cou-
plings are denoted by gs ≡
√
4παs, g, and g
′. The latter are often traded for the weak mixing angle,
θW , and the electric unit charge, e, which are given by,
sin2 θW = 1− cos2 θW = g′2g2+g′2 ,
e ≡ √4πα = g sin θW = g′ cos θW .
(2)
Three generations of fermions are known to transform under the SM gauge group (1) in the rep-
resentations and with hypercharges as shown in Table 1 for the first generation. Table 1 includes a
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Figure 1: Calculated running of the weak mixing angle in the SM, defined in the MS renor-
malization scheme (the dashed line indicates the reduced slope typical for the Minimal
Supersymmetric Standard Model). Shown are the results from the Z pole, deep inelastic
ν scattering, PV Møller scattering, and APV (Cs and Tl). Qweak and e-D DIS refer to a
future PV elastic e−-p and a possible deep inelastic e−-D measurement, respectively, and
have arbitrarily chosen vertical locations.
left-handed anti-neutrino, ν¯, (and correspondingly a right-handed neutrino) which transforms trivially
under the SM gauge group, but is needed if one wishes to construct a Dirac neutrino mass term. Since
ν¯ does not participate in the SM interactions it is often referred to as sterile. Notice that,∑
quarks
Y =
∑
leptons
Y = 0, (3)
independently for quarks (lower part of Table 1) and leptons (upper part) of each generation which en-
sures cancellation of mixed U(1)Y –SU(3)C and U(1)Y –gravitational anomalies, respectively. Similarly,
the pure U(1)Y and mixed U(1)Y –SU(2)L gauge anomalies cancel by virtue of,∑
all
Y 3 =
∑
doublets
Y T 23 = 0, (4)
where T3 = ±1/2 is the third component of isospin. Gauge invariance forces the gauge vector bosons
to transform in the adjoint representation, i.e., the gluons, Gαµ, as (8, 1, 0), the isospin fields, W
i
µ, as
(1, 3, 0), and the Abelian hypercharge field, Bµ, as (1, 1, 0).
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Table 1: Left-handed fermion representations of the first SM generation. The corresponding
right-handed fermions transform in the complex conjugate representations.
1
2
(1− γ5)Ψ SU(3)C SU(2)L U(1)Y 12(1− γ5)Ψ SU(3)C SU(2)L U(1)Y
E =
(
νe
e−
)
1 2 −1/2 ν¯e
e+
1
1
1
1
0
+1
Q =
(
u
d
)
3 2 +1/6
u¯
d¯
3¯
3¯
1
1
−2/3
+1/3
In addition, the SM contains a scalar Higgs field, φ, transforming in the (1, 2,+1/2) representation,
and with potential,
V (φ) = m2φφ
†φ+
λ2
2
(φ†φ)2. (5)
Assuming m2φ < 0, φ develops a vacuum expectation value (VEV) related to the Fermi constant, GF ,
| < 0|φ|0 > | =
√
−m2φ
λ
≡ v√
2
=
√
1
2
√
2GF
= 174.104± 0.001 GeV, (6)
and V (φ) spontaneously breaks part of the gauge symmetry,
SU(2)L × U(1)Y → U(1)EM. (7)
The one remaining physical Higgs degree of freedom, H = (0, φ0/
√
2), acquires a mass given by MH =
λv. The others become the longitudinal components of the EW gauge bosons,
W±µ =
1√
2
(W 1µ ∓ iW 2µ), Z0µ = cos θWW 3µ − sin θWBµ, (8)
which are the mediators of the weak charged and neutral currents with masses, MW = T3(φ)gv =
gv/2 = MZ cos θW . The photon,
Aµ = cos θWBµ + sin θWW
3
µ , (9)
remains massless and couples to the electromagnetic charge as given by the Gell-Mann-Nishijima rela-
tion, Q = T3 + Y .
Quarks and charged leptons receive masses through Yukawa interactions, exemplified here for the
first generation,
LY = λeE¯Lφe−R + λdQ¯LφdR + λuQ¯L(iτ2φ∗)uR + h.c., (10)
where τ2 is a Pauli matrix. For example, the electron mass is given by,
me = λe
v√
2
. (11)
After symmetry breaking, factors of 1/
√
2 also appear in the effective Hff¯ -Yukawa couplings, and
could be entirely removed by a redefinition of the λf . Likewise, one could remove the extra factor of
three multiplying the −iλ2H4 self-coupling. However, with the conventions in Eqs. (5) and (10), λ can
be directly compared to the gauge couplings (for example, in the context of supersymmetry discussed
in Section 1.4) and to λf (for example, in the context of superstring theories and other types of NP
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addressing gauge-Yukawa coupling unification). With these definitions and conventions the fermion
Lagrangian takes the form,
LF =
∑
ψf
(
i 6∂ −mf − λf√
2
)
ψf − g
2
√
2
∑
ψfγ
µ(1− γ5)(T+ W+µ + T− W−µ )ψf
− e∑QfψfγµψfAµ −
√
g2 + g′2
2
∑
ψγµ(vf − afγ5)ψZ0µ, (12)
where T± are the raising and lowering operators of isospin, and where the vector and axial vector Z
couplings are given by,
vf ≡ T f3 − 2Qf sin2 θW , af ≡ T f3 . (13)
The fact that sin2 θW ≈ 1/4 has two favorable experimental consequences for observables that are
proportional to vℓ, because for charged leptons (ℓ = e, µ, τ) vℓ ≪ 1. They possess an enhanced sensitivity
to sin2 θW and, in particular at low energies, possible contributions from NP are relatively enhanced.
In the three-generation SM, the couplings λf become matrix valued. By means of bi-unitary trans-
formations, UfLλf(U
f
R)
†, one passes to the mass eigenstates, producing flavor changing charged currents
in the left-handed quark sector through the unitary Cabibbo-Kobayashi-Maskawa matrix [19,20],
VCKM = U
u
L(U
d
L)
†. (14)
The magnitudes of four of the elements of VCKM are sufficient to determine the whole matrix up to a
single sign ambiguity1. Thus, over-constraining VCKM can provide a valuable test of the SM. This will
be addressed in Section 3.3.
1.3 Status of the Standard Model
With the notable exception of the Higgs sector, the basic structure of the SM has been well established
since the top quark [21], t, and the τ -neutrino [22], ντ , were observed directly in the 1990s. Moreover,
the e+e− colliders LEP 1 and SLC provided very high precision experiments at the Z pole testing
many of the relations presented above at the level of quantum corrections. LEP 2 (up to center of
mass energies of 209 GeV) and the Tevatron at Run I (in pp¯ collisions at 1.8 TeV) explored the highest
energies to date. It should be stressed, however, that there are many aspects of the SM that are difficult
to study at the high energy frontier, but which can be suitably addressed at much lower energies. This
is done by exploiting aspects of the weak interaction, such as parity violation, that cleanly separate it
from the strong and electromagnetic ones. The purpose of this article is to review these low energy
tests; here we give a short account of the experimental situation at high energies.
The first part of Table 2 shows the Z lineshape and leptonic forward-backward (FB) cross section
asymmetry measurements from LEP 1. Besides MZ , they include the total Z decay width, ΓZ , the
hadronic cross section on top of the Z resonance, σhad, and for each lepton flavor the ratio of hadronic
to leptonic partial Z widths, Rℓ, and the FB-asymmetry,
AFB(ℓ) =
3
4
AeAℓ, (15)
defined in terms of the asymmetry parameters,
Af =
2vfaf
v2f + a
2
f
=
1− 8T f3Qf sin2 θefff
1− 8T f3Qf sin2 θefff + 8Q2f sin4 θefff
. (16)
1This ambiguity can be resolved by studying CP violation in the kaon system.
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Table 2: Results from precision measurements at the Z pole, and the W boson and top
quark masses. Shown are the measurement values compared to the SM prediction obtained
from a global analysis of high and low energy experiments using the FORTRAN package
GAPP [23]. The uncertainties in the SM predictions reflect the uncertainties in the SM
parameters, which are determined self-consistently, i.e., we do not use external constraints.
This yields, e.g., αs(MZ) = 0.121 ± 0.002. The deviations from the predictions (in terms
of the pull) are also shown. The experimental uncertainties of many of the observables are
mutually correlated. The largest (anti)-correlations occur between Re and AFB(e) (−37%)
and between σhad and ΓZ (−30%) [24]. All experimental correlations are taken into account
in the fits. The theoretical uncertainty from unknown higher orders in the prediction for
the QCD correction enters commonly ΓZ , σhad, and the leptonic ratios Rℓ. We estimate this
uncertainty to affect αs(MZ) at the level of 5×10−4 [23], which we currently neglect against
the much larger experimental errors.
Quantity Group(s) Value Standard Model Pull
MZ [GeV] LEP 91.1876± 0.0021 91.1874± 0.0021 0.1
ΓZ [GeV] LEP 2.4952± 0.0023 2.4972± 0.0011 −0.9
Γ(inv) [MeV] [derived quantity] 499.0± 1.5 501.74± 0.15 —
σhad [nb] LEP 41.541± 0.037 41.470± 0.010 1.9
Re LEP 20.804± 0.050 20.753± 0.012 1.0
Rµ LEP 20.785± 0.033 20.754± 0.012 1.0
Rτ LEP 20.764± 0.045 20.799± 0.012 −0.8
AFB(e) LEP 0.0145± 0.0025 0.01639± 0.00026 −0.8
AFB(µ) LEP 0.0169± 0.0013 ” 0.4
AFB(τ) LEP 0.0188± 0.0017 ” 1.4
Rb LEP + SLD 0.21644± 0.00065 0.21572± 0.00015 1.1
Rc LEP + SLD 0.1718± 0.0031 0.17231± 0.00006 −0.2
Rs,d/R(d+u+s) OPAL 0.371± 0.023 0.35918± 0.00004 0.5
AFB(b) LEP 0.0995± 0.0017 0.1036± 0.0008 −2.4
AFB(c) LEP 0.0713± 0.0036 0.0741± 0.0007 −0.8
AFB(s) DELPHI + OPAL 0.0976± 0.0114 0.1038± 0.0008 −0.5
Ab SLD 0.922± 0.020 0.93477± 0.00012 −0.6
Ac SLD 0.670± 0.026 0.6681± 0.0005 0.1
As SLD 0.895± 0.091 0.93571± 0.00010 −0.4
ALR(hadrons) SLD 0.15138± 0.00216 0.1478± 0.0012 1.6
ALR(leptons) SLD 0.1544± 0.0060 ” 1.1
Aµ SLD 0.142± 0.015 ” −0.4
Aτ SLD 0.136± 0.015 ” −0.8
Ae(QLR) SLD 0.162± 0.043 ” 0.3
Aτ (Pτ ) LEP 0.1439± 0.0043 ” −0.9
Ae(Pτ ) LEP 0.1498± 0.0049 ” 0.4
QFB LEP 0.0403± 0.0026 0.0424± 0.0003 −0.8
mt [GeV] Tevatron 174.3± 5.1 174.4± 4.4 0.0
MW [GeV] LEP 80.447± 0.042 80.391± 0.019 1.3
MW [GeV] Tevatron + UA2 80.454± 0.059 ” 1.1
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Here, sin2 θefff = κf sin
2 θW is an effective mixing angle where (flavor dependent) radiative corrections
are absorbed into form factors, κf . The κf are renormalization-scheme dependent, while the sin
2 θefff
are not. The results in the first part of the Table are obtained simultaneously from a fit to cross section
data, and therefore mutually correlated. The invisible Z partial width, Γ(inv), is derived from ΓZ , σhad,
and the Rℓ, and not an independent input. It is smaller by about two standard deviations than the
prediction for the SM with three active (participating in the weak interaction) neutrinos. This deviation
can be traced to σhad which deviates by a similar amount. Conversely, one can allow the number of
active neutrinos, Nν , as an additional free parameter in the fit. This yields Nν = 2.986 ± 0.007 again
showing a 2 σ deviation. The experimental results discussed in this paragraph are final [24].
The second part of Table 2 shows the results from Z decays into heavy flavors [24] (b and c quarks), as
well as into hadrons with non-vanishing strangeness [25–27], but the latter with much poorer precision.
For each of these three quark flavors (q = b, c, s) the partial Z width normalized to the hadronic partial
width, Rq, has been obtained, as well as the FB-asymmetry, AFB(q), in analogy to Eq. (15), and the
combined left-right (LR) forward-backward asymmetry,
AFBLR (q) =
3
4
Aq. (17)
The heavy flavor results are obtained from a multi-parameter fit including a variety of phenomenological
parameters and experimental information from both LEP and the SLC [24]. The results for q = b and
c are therefore mutually correlated. AFB(b) is proportional to both Ae and Ab, but since ve ≪ 1 (see
Section 1.2) it is primarily sensitive to Ae. Similar statements are true of other FB-asymmetries, as
well, but AFB(b) stands out because b quark tagging while challenging is easier than tagging of other
quarks, and quarks have both bigger cross sections and bigger asymmetries implying smaller statistical
uncertainties as compared to leptons. Therefore, AFB(b) provides one of the best determinations of
the weak mixing angle. It shows a 2.4 σ deviation, and (through one-loop radiative corrections) by
itself favors larger values for MH . It is tempting to suggest effects of NP in the factor Ab appearing in
AFB(b) to reconcile this deviation and the disagreement with ALR discussed in the following paragraph.
However, one would need a (19±7)% radiative correction to κb while typical EW radiative corrections are
at the sub percent level. NP entering at tree level is generally not resonating2 and therefore suppressed
relative to the Z contribution. In any case, Rb is in reasonable agreement with the SM and one needs
to find NP modifying Ab, but not Rb, which in general requires some tuning of parameters. Most of the
experimental results discussed in this paragraph are still preliminary but close to final [24].
The third part of Table 2 shows further measurements proportional to vℓ. The LR cross section
asymmetry, ALR = Ae, from the SLD Collaboration for hadronic [28] and leptonic final states [29] show
a combined deviation of 1.9 σ from the SM prediction. In contrast to AFB(b), it favors small values for
MH , which are excluded by the direct searches at LEP 2 [30],
MH ≥ 114.4 GeV (95% CL). (18)
Through LR-FB asymmetries for µ and τ final states SLD determines Aµ and Aτ [29] (cf. Eq. (17))
while Ae from polarized Bhabba scattering is included in ALR(leptons). The τ polarization asymmetry,
Pτ , is a measurement of Aτ , and its angular dependence, PFBτ , yields another determination of Ae [24].
Finally, the hadronic charge asymmetry at LEP [24] is the weighted sum3,
QFB = (
∑
q=d,s,b
− ∑
q=u,c
)RqAFB(q), (19)
while the LR charge asymmetry from SLD [31] offers a further (less precise) value of Ae. The experi-
mental results discussed in this paragraph are final [24].
2A counter example is an extra neutral gauge boson mixing with the ordinary Z.
3The LEP groups quote results on QFB as measurements of sin
2 θeffe setting the Rq and Aq to their SM values.
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Figure 2: One-standard-deviation (39.35% CL) regions in theMW -mt plane for the direct and
indirect data. The combined 90% CL contour (∆χ2 = 4.605) is also shown. The widths of
the MH bands represent the theoretical uncertainty in the SM prediction (αs(MZ) = 0.120).
The last part of Table 2 shows the direct mt measurement from the Tevatron [32,33], as well as MW
from LEP 2 [24] and pp¯ collisions [34–36]. The combined MW is 1.7 σ higher than the SM expectation.
Just as ALR it favors smaller values of MH . We compare these mass measurements with all other
(indirect) data, and the SM prediction for various values of MH in Figure 2. The definition of mt,
shown in Table 2 and Figure 2 is the pole mass, which is (approximately) the kinematic mass studied
at the Tevatron [37]. For all other quark masses, as well as mt appearing in radiative corrections, the
MS-definition is used. CDF and DØ finalized their results on mt and MW from Run I. MW from LEP 2
is preliminary and final state interaction effects are still under study. Not shown in Table 2 are the
bottom and charm quark masses, mb and mc, which enter the SM predictions of numerous observables.
In particular, mc is needed to compute α(MZ) when the renormalization group (RG) based calculation
of Ref. [38] is used. Rather than including external constraints, mb and mc are constrained using a set
of inclusive QCD sum rules [39] and are recalculated in each call within the fits as functions of αs.
The deviations described above may be due to unaccounted for experimental or theoretical effects,
physics beyond the SM, or simply fluctuations. New experimental information is needed to clear the
situation. Despite of these open problems it must be stressed that the overall agreement between the
data and the SM is reasonable. The χ2 per effective degree of freedom of the global fit is 49.1/40
where the probability for a larger χ2 is 15%. One can thus conclude that the SM has been successfully
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Figure 3: Probability density for MH obtained by combining precision data with direct
search results at LEP 2. The peak is due to the candidate Higgs events observed at LEP
(updated from Ref. [40]). The full and shaded areas each contain 50% probability.
tested as the correct theory up to energy scales of O(MZ) both at the tree level and at the level of loop
corrections. At low energies, NP can therefore only enter as a small perturbation of the SM contribution.
The global fit to all precision data currently favors values for the Higgs boson mass,
MH = 85
+49
−32 GeV, (20)
where the central value is slightly below the lower LEP 2 limit (18). If one includes the Higgs search
information from LEP 2, one obtains the probability density shown in Figure 3.
Note added: After the completion of this Section, a reanalysis of mt from the lepton + jets channel
by the DØ Collaboration [41] and the first results from the Tevatron Run II became available. The
new average, mt = 177.9 ± 4.4 GeV [42], and some new results on MW are driving the extracted MH
to values very close to the direct limit (18).
1.4 Physics Beyond the Standard Model
Despite the phenomenological success of the SM, it is almost certainly only the low energy approximation
of a more fundamental theory. One reason is its arbitrariness, since the gauge group (1) and the fermion
(and Higgs) representations in Table 1 are ad hoc, as are the values of the gauge and Yukawa couplings,
along with the parameters entering VCKM and V (φ). A second reason is that gravity is not included
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in quantized form and it is unlikely that classical General Relativity can coexist (at a fundamental
level) with quantum theories of the other interactions. The third class of arguments can be phrased as
fine-tuning or naturalness problems, of which there are several within the SM.
By far the most serious one is associated with the cosmological constant, ΛC, which on general
grounds should be of order the reduced Planck scale, κP = 2.4 × 1018 GeV, (the only fundamental
mass scale) raised to the forth power. In addition, one expects contributions associated with the EW
and QCD phase transition scales, while on the other hand, cosmological observations [44] suggest,
ΛC = (2.3± 0.2 meV)4. No convincing mechanism is known to explain this small observed value.
Another naturalness problem is related to the topological CP-odd θ-term of QCD [4], which is power
counting renormalizable and indeed logarithmically divergent. In the SM this divergence is induced by
the complex phase appearing in VCKM. Residually, θ <∼ 10
−10, to account for the limit on the electric
dipole moment of 199Hg (see Section 4.1). There is an analogous term for SU(2)L, and also for the
gravitational interaction [45].
Third, radiative corrections to the m2φ term in Eq. (5) are quadratically divergent, which strongly
suggests one of three logical possibilities: (i) m2φ is of order κP which is excluded both on formal and
phenomenological grounds; (ii) various independent Planck scale contributions to m2φ conspire to give a
residual result not much larger than the weak scale, implying fine tuning at the level of 1 part in 1016;
(iii) physics beyond the SM exists with manifestations at scales not much larger than the weak scale, so
as to serve as a regulator for the quadratically divergent loop integrals. Examples for the latter include
dynamical symmetry breaking with a composite rather than a fundamental Higgs, supersymmetry
(SUSY), and large extra dimensions.
For all these reasons there is generally a strong believe that there is NP beyond the SM. Moreover,
the stability of the Higgs potential against large radiative corrections as discussed in the previous
paragraph suggests that at least some manifestations of the NP should take place at scales not much
larger than v.
In this review, we will frequently refer to SUSY [46] as an illustrative example for physics beyond the
SM. It solves the problem of quadratically divergent loop corrections [47,48] through the introduction
of superpartners of the SM particles, which precisely cancel the SM contributions. In fact, in the case
of exact (unbroken) SUSY the superpotential which gives rise to Yukawa interactions4 is unmodified by
radiative corrections by virtue of a non-renormalization theorem [49,50]. In simple SUSY5 the gauge
interactions are logarithmically divergent as in the SM. Thus, gauge couplings still evolve according to
the RG, but unlike in the SM, in the MSSM they approximately converge to a common value at a scale
MU ≈ 2× 1016 GeV [52–54].
As for the SUSY Higgs sector, the λu-term in Eq. (10) can not be supersymmetrized (complex
conjugation is not a supersymmetric operation), and therefore a second Higgs doublet, Hu, with opposite
hypercharge to the standard Higgs, Hd ≡ φ, needs to be introduced for up-type quark mass terms. This
is also necessary to cancel the gauge anomaly contribution of the Higgs-fermions (Higgsinos). As
a consequence, there are now five physical Higgs degrees of freedom: the two CP-even, H1,2, with
MH1 ≤MH2 by convention, the CP-odd, A, and the charged pair, H±.
In the minimal supersymmetric SM (MSSM), the λ2-term in Eq. (5) arises from the supersymmetric
gauge kinetic terms, leading to the prediction,
λ = T3(φ)
√
g2 + g′2. (21)
The mass term in Eq. (5) is replaced by a bilinear term, µHuHd, in the superpotential. Again, µ≪ κP is
assumed rather than predicted, but now this hierarchy is technically natural , i.e., stable under radiative
4The superpotential versions of both LY and LSUSYY discussed later also contribute to the scalar potential, but this
will not affect the discussion in this review.
5Theories of extended four-dimensional SUSY do not allow chiral fermions and are therefore excluded as effective
theories in four dimensions [51].
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corrections. Since λ is no longer a free parameter, the Higgs boson masses are calculable from other
inputs, and one obtains the tree level upper bound MH1 ≤MZ . Radiative corrections [55–59] move this
bound to [60],
MH1
<
∼ 134± 5± 3+2−0 GeV, (22)
where the first error is induced by mt, the second is the theory uncertainty in the prediction, and the
last one corresponds to shifting the SUSY breaking scale (see next paragraph) from 1 to 2 TeV.
The non-observation of the superpartners implies that SUSY is broken. The mechanism of SUSY
breaking is one of the outstanding theoretical problems, and is currently treated phenomenologically by
allowing the most general set [61] of soft SUSY breaking parameters: bilinear scalar masses, m2ij , gauge
fermion (gaugino) masses, Mi, and trilinear scalar couplings, Aijk. The quantity µ and various of the
soft SUSY breaking parameters are assumed to trigger EW symmetry breaking, but within the MSSM
it is not understood why µ is of the order the soft masses [62] (the so-called µ-problem). The VEV, v,
now receives contributions from both Higgs doublets, v2 = v21 + v
2
2, with v1/v2 ≡ tanβ.
With the gauge and particle choice of the SM, baryon number, B, and lepton number, L, are
conserved, ensuring a stable proton lifetime. In the MSSM, however, additional Yukawa couplings to
the ones in Eq. (10) are allowed by the symmetries of the model,
LSUSYY = λE¯LELe−R + λ′Q¯LELdR + λ′′u¯Rd¯Rd¯R + µ′E¯LHu, (23)
where any one factor in the trilinear couplings is bosonic, while the other two are fermionic. The first
and the third term in Eq. (23) are antisymmetric in the SU(2) and SU(3) indices, respectively, so that
they need to be antisymmetrized with respect to family space, as well. The third term violates B, the
others violate L. One can eliminate all terms in Eq. (23) by a so-called R-symmetry6 [63,64], which is
consistent with SUSY although fermions transform differently under it than their scalar partners. If
RP is exact, the lightest supersymmetric particle would be stable and a cold dark matter candidate. If
RP is broken, B or L or both would be violated. For more details on SUSY and its phenomenology, see
the reviews [65,66] and [67,68], respectively.
Another possible type of NP involves additional gauge interactions, in particular extra Abelian
group factors. An extra U(1)′ by itself does not solve any of the problems associated with the SM. But
additional U(1)′ symmetries are predicted in many extensions of the SM, including technicolor [69],
Grand Unified Theories [70], SUSY, Kaluza-Klein theories [71], or string theories [72,73]. Moreover,
they can solve the µ-problem of the MSSM [74], and forbid the terms in Eq. (23). They generally
do not spoil the successful gauge coupling unification, and U(1)′ symmetries can be found addressing
all these issues simultaneously, while at the same time being free of anomalies [75]. The precision Z
pole observables discussed in Section 1.3 mainly constrain the mixing of the corresponding Z ′ with
the ordinary Z. Low energy observables, especially from APV as discussed in Section 2.3, provide
important mass and coupling constraints on potential Z ′s. We now turn to a detailed discussion of
these observables.
2 Weak Neutral Current Phenomena
2.1 Neutrino Scattering
Assuming an arbitrary gauge theory, one can write the four-Fermi interaction Lagrangian for the weak
processes discussed in this and in the next Section in model independent form. For NC neutrino
scattering one has,
LνfNC = −
GF√
2
ν¯γµ(1− γ5)νf¯γµ [ǫL(f)(1− γ5) + ǫR(f)(1 + γ5)] f, (24)
6To this end, it is sufficient to employ the discrete R-parity subgroup, RP = (−1)3B+L+2S, where S refers to spin.
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where the SM tree level prediction for the effective couplings can be obtained from Eqs. (12) and (13),
ǫL(f) = T
f
3 −Qf sin2 θW , ǫR(f) = −Qf sin2 θW . (25)
EW radiative corrections [11,76,77] modify Eq. (25) through the NC ρ-parameter, which appears when
the Z propagator is expressed in terms of GF , through the RG evolution of the weak mixing angle, and
through further propagator, vertex, and box contributions.
Historically, deep inelastic scattering (DIS) of neutrinos off nuclei, νµN → νµX , with X an arbitrary
hadronic final state, provided the discovery of the weak NC [78]. For measurements of sin2 θW , it is
advantageous to choose N approximately isoscalar. Many theoretical uncertainties cancel in the ratio
of neutral-to-charged current cross sections [79],
Rν =
σNCνN
σCCνN
=
σ(νµN → νµX)
σ(νµN → µ−X) = g
2
L + rg
2
R, Rν¯ =
σNCν¯N
σCCν¯N
=
σ(ν¯µN → ν¯µX)
σ(ν¯µN → µ+X) = g
2
L +
g2R
r¯
, (26)
where at tree level and ignoring sea quarks,
g2L = ǫL(u)
2 + ǫL(d)
2 =
1
2
− sin2 θW + 5
9
sin4 θW , g
2
R = ǫR(u)
2 + ǫR(d)
2 =
5
9
sin4 θW . (27)
r and r¯ are related to the charged current (CC) ratio,
r ∼ 1
r¯
∼ σ
CC
ν¯N
σCCνN
∼ 1
2
, (28)
which depends on the experimental details and is measured directly. Rν is more sensitive to the weak
mixing angle than Rν¯ , and both are sensitive to charm threshold effects which introduce the dominant
theoretical uncertainty. This uncertainty (and some others) largely cancels in the ratio [80],
R− =
σNCνN − σNCν¯N
σCCνN − σCCν¯N
=
Rν − rRν¯
1− r = g
2
L − g2R =
1
2
− sin2 θW , (29)
which was used by the NuTeV Collaboration [15] to measure the weak mixing angle precisely off the
Z pole. NuTeV was the first experiment of this type with a clean ν¯µ-beam at its disposal which is
necessary to measure R−. In the presence of NP, however, which will in general affect νµ and ν¯µ
cross sections differently, one should rather monitor Rν and Rν¯ independently, or equivalently, g
2
L and
g2R. The uncertainty from the charm threshold is modeled using the slow rescaling prescription [81,82]
parametrized using an effective charm mass, meffc . In practice, NuTeV fits to g
2
L, g
2
R, and m
eff
c with an
external constraint. As is shown in Table 3, there is a 2.9 σ deviation in g2L, reflecting the quoted 3 σ
deviation [15] in the weak mixing angle.
There are various attempts to explain the apparent deviation of the NuTeV result from the SM
prediction. It cannot be excluded that nuclear shadowing effects are large enough to induce shifts
comparable to the NuTeV discrepancy [88]. However, both Rν and Rν¯ are seen lower than the SM pre-
diction, while nuclear shadowing — when modeled using vector meson dominance — predicts a larger
reduction in the CC than in the NC [89]. Moreover, the deviation in Rν is larger than the one in Rν¯
while from nuclear shadowing one would expect the opposite. Shadowing and other nuclear effects are
also discussed in Ref. [90]. An asymmetry in the first moments of the strange sea distributions, S − S¯,
could reduce the discrepancy by as much as 50% [91], although NuTeV finds a very small asymmetry
from a next-to-leading order (NLO) analysis of dimuon production cross sections [92]. Isospin sym-
metry violation [94], particularly violation of charge symmetry under which protons and neutrons and
simultaneously u and d quarks are interchanged, can possibly be responsible for the NuTeV effect. How-
ever, firm conclusions cannot be drawn before a global analysis of parton distribution functions (PDFs)
14
Table 3: Results from deep inelastic neutrino-nucleus scattering. Shown are the measurement
values, the SM prediction and the pull as in Table 2. The second errors (where shown) are
theoretical. The experimental results are updates of the original CDHS [83] and CHARM [84]
publications for which we used the analysis of Ref. [85]. The coefficients entering the linear
combinations (30) of the various measurements are given in Table 4.
Quantity Group Value Standard Model Pull
g2L NuTeV 0.30005± 0.00137 0.30397± 0.00023 −2.9
g2R NuTeV 0.03076± 0.00110 0.03005± 0.00004 0.6
Rν CCFR 0.5820± 0.0027± 0.0031 0.5833± 0.0004 −0.3
Rν CDHS 0.3096± 0.0033± 0.0028 0.3092± 0.0002 0.1
Rν CHARM 0.3021± 0.0031± 0.0026 −1.7
Rν¯ CDHS 0.384± 0.016± 0.007 0.3862± 0.0002 −0.1
Rν¯ CHARM 0.403± 0.014± 0.007 1.0
Rν¯ CDHS (1979) 0.365± 0.015± 0.007 0.3817± 0.0002 −1.0
allowing departures from isospin symmetry and an asymmetric strange sea has been performed [95]. A
similar remark applies to QCD corrections which could have significant impact on the individual ratios
Rν and Rν¯ (but not R
−) [91]: NuTeV currently uses leading order (LO) expressions and LO PDFs;
conclusions about the size of QCD corrections must await a NLO analysis including NLO PDFs. For
recent discussions of QCD corrections and parton structure relevant to NuTeV, see Refs. [96,97].
If none of the SM effects discussed in the previous paragraph are ultimately able to explain the
NuTeV results, they might be due to NP (or a fluctuation). Most NP scenarios have difficulty explaining
the NuTeV deviation. For example, inclusion of supersymmetric radiative corrections as well as RP
violating (RPV) interactions generally tend to increase the value of Rν and is unlikely to help account
for the NuTeV results [98]. A Z ′ boson would affect the ǫL,R(f) couplings, but it is difficult to explain
the entire discrepancy that way, unless one chooses a family non-universal Z ′ [99] with carefully tuned
couplings, which could also shed light on some of the other anomalies [100] discussed in Section 1.3.
Similarly, one might invoke triplet leptoquarks with carefully chosen mass splittings [91]. A νµ-mixing
with an extra heavy neutrino could also be the cause, but this would imply shifts in other observables,
as well, so that this scenario [101,102] requires a conspiracy of effects to obtain an overall consistent
picture.
The other results in Table 3 are only very approximately proportional to Rν or Rν¯ . In practice, the
measured quantities are the linear combinations of the ǫ2L,R(q) [83],
Rν(ν¯) = (1− δ)
[
aL(u)ǫ
2
L(u) + aL(d)ǫ
2
L(d) + aR(u)ǫ
2
R(u) + aR(d)ǫ
2
R(d)
]
, (30)
where δ accounts for the purely photonic (QED) radiative corrections. In addition to the charm thresh-
old and radiative corrections, the interpretation of ν-nucleus DIS experiments is complicated by cor-
rections for and uncertainties from non-isoscalarities, structure functions, sea quark effects, etc., which
also gives rise to theoretical correlations among the results. The residual correlation between g2L and g
2
R
from NuTeV is accidentally very small (−0.017%). This and the correlations between the older results
are taken into account, while the correlations between NuTeV and the other experiments are currently
neglected. The results of the older experiments should also be updated with the more precise NuTeV
results on meffc and the quark sea, and if possible, with more recent structure functions.
Initially, elastic ν-p scattering [104] also served as a SM test and as a measurement of sin2 θW . The
most precise result [105], sin2 θW = 0.218
+0.039
−0.047, is no longer competitive with present day determinations,
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Table 4: Coefficients defining the linear combinations in Eq. (30). CHARM has been adjusted
to be directly comparable to CDHS. The average momentum transfer, Q2 = −q2, is also
shown. In the case of NuTeV it corresponds to the geometric mean between the average
logQ2-values of neutrino and anti-neutrino reactions. In the case of the CCFR [87] and
NuTeV experiments, δ has been absorbed into the ǫ parameters.
Quantity Group(s) δ Q2 [GeV2] aL(u) aL(d) aR(u) aR(d)
g2L NuTeV 0 12 1 1 0 0
g2R NuTeV 0 12 0 0 1 1
Rν CCFR 0 35 1.698 1.881 1.070 1.226
Rν CDHS + CHARM 0.023 21 0.936 1.045 0.379 0.453
Rν¯ CDHS + CHARM 0.026 11 0.948 1.134 2.411 2.690
Rν¯ CDHS (1979) 0.024 11 0.944 1.126 2.295 2.563
but elastic ν scattering continues to play a crucial role in form factor measurements (see Section 6.2).
NC ν-e scattering [106] is described by the Lagrangian (24) with f = e, and one usually extracts,
gνeV = ǫL(e) + ǫR(e) = −
1
2
+ 2 sin2 θW , g
νe
A = ǫL(e)− ǫR(e) = −
1
2
. (31)
EW radiative corrections to gνeV,A have been obtained in Refs. [107,108]. The results are summarized
in Table 5. νe scattering has been studied at LANL [114,115] and ν¯e scattering at the Savannah River
plant [116]. In these cases one has to add the CC Lagrangian so that effectively, ǫL(e) → ǫL(e) + 1,
and, gνeV,A → gνeV,A + 1. The basic observables are the cross sections, which in the limit of large incident
ν energies, Eν ≫ me, read,
σ =
G2FmeEν
2π
[
(gνeV ± gνeA )2 +
1
3
(gνeV ∓ gνeA )2
]
, (32)
where the upper (lower) sign refers to (anti-)neutrinos. Some experiments achieved slight improvements
by also including differential cross section information. The NC-CC interference in νe-e scattering
resolves a sign ambiguity, gνeV,A → −gνeV,A, relative to the CC coupling, and is found in agreement with
the SM [114]. A new reactor-based elastic ν¯e-e
− scattering experiment has been suggested in Ref. [103],
aiming at an improvement by a factor of four in sin2 θW relative to the results in Table 5.
2.2 Charged Lepton Scattering
The parity (P) or charge-conjugation7 (C) violating NC Lagrangian for charged lepton-hadron scattering
is given by (assuming lepton-universality),
LνfNC =
GF√
2
∑
q
[
C1q ℓ¯γ
µγ5ℓq¯γµq + C2q ℓ¯γ
µℓq¯γµγ5q + C3q ℓ¯γ
µγ5ℓq¯γµγ5q
]
, (33)
where the effective couplings at the SM tree level are again obtained from Eqs. (12) and (13),
C1q = −T q3 + 2Qq sin2 θW , C2u = −C2d = −
1
2
+ 2 sin2 θW , C3u = −C3d = 1
2
. (34)
7We refer here to the conjugation of the lepton charge, and not the fundamental charge-conjugation operation which
would also require replacing the target by anti-matter.
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Table 5: νµ-e scattering results from CHARM [109] and CHARM II [110] at CERN and
from E734 [111] at BNL, obtained from two-parameter fits. The E734 Collaboration reports
a 16.3% statistical anti-correlation and a 41.3% systematic correlation between gνeV and g
νe
A ,
for a total 11.9% correlation. Only the world averages (which are updated from Ref. [112])
are used as constraints in the fits. These also include results from νe-e scattering, as well as
older νµ-e experiments. The overall correlation of the world averages is −5%.
Quantity Group(s) Value Standard Model Pull
gνeV CHARM −0.060± 0.073 −0.0398± 0.0003 —
gνeV E 734 −0.107± 0.046 —
gνeV CHARM II −0.035± 0.017 —
gνeV world average −0.041± 0.015 −0.1
gνeA CHARM −0.570± 0.072 −0.5065± 0.0001 —
gνeA E 734 −0.514± 0.036 —
gνeA CHARM II −0.503± 0.017 —
gνeA world average −0.507± 0.014 0.0
The C3q are P conserving, but C violating couplings affecting asymmetries involving charge reversal.
Alternatively, the following linear combinations [117] motivated by isospin symmetry are also used,
α˜ = C1u − C1d = −1 + 2 sin2 θW , γ˜ = C1u + C1d = 23 sin2 θW ,
β˜ = C2u − C2d = −1 + 4 sin2 θW , δ˜ = C2u + C2d = 0.
(35)
EW radiative corrections to the couplings in Eq. (34) other than the C3q have first been obtained in
Refs. [118,119] and updated in Ref. [120].
The terms in Eq. (33) give rise to interference effects [121,122] with the parity conserving QED
terms in Eq. (12), which can be isolated by measuring parity violating LR asymmetries or by comparing
processes related by charge-conjugation in charged lepton-hadron scattering. Currently the most precise
results are obtained from APV which will be discussed in the next Subsection 2.3.
Historically, the SLAC e-D scattering experiment [123] was crucial in establishing the SM. It mea-
sured [124] the cross section asymmetry [125–128],
σR − σL
σR + σL
=
3GFQ
2
10
√
2πα
[(2C1u − C1d) + g(y)(2C2u − C2d)] , (36)
where y = (E0 −E ′)/E0, where E0 (E ′) is the incident (scattered) electron energy, and where8,
g(y) =
1− (1− y)2
1 + (1− y)2 . (37)
Eq. (36) is valid for isoscalar targets and neglects s quarks, c quarks, and anti-quarks. The only
experiment to date which has measured a charge-conjugation cross section asymmetry [129,130],
σ+(−|λ|)− σ−(+|λ|)
σ+(−|λ|) + σ−(+|λ|) = −
GFQ
2
10
√
2πα
g(y) [(2C3u − C3d) + λ(2C2u − C2d)] , (38)
8For more precise measurements, g(y) needs to be corrected for the longitudinal contributions to γ and Z exchange.
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Table 6: Observables sensitive to the P or C violating coefficients Ciq. The errors are the
combined (in quadrature) statistical, systematic and theoretical uncertainties. The first two
lines result from a fit to 11 different kinematic points (a 5% uncertainty in the polarization
was common to all points) and have a −92.7% correlation. Including a 7% theory uncer-
tainty [141] increases the error in the first line to ±0.18 and decreases the correlation to
−86.6%. The two CERN entries are for muon beam energies (polarizations) of 120 GeV
(66%) and 200 GeV (81%), respectively. Assuming 100% correlated systematic errors yields
a correlation of 17.4% between them. The second line (SLAC) contains a 31.6% correction
to account for sea quarks, while the corresponding correction is 7.5% for CERN [141]. The
Mainz result includes a 10% theory error [141].
Beam Process Q2 [GeV2] Combination Result/Status SM
SLAC e−-D DIS 1.39 2C1u − C1d −0.90± 0.17 −0.7185
SLAC e−-D DIS 1.39 2C2u − C2d +0.62± 0.81 −0.0983
CERN µ±-C DIS 34 0.66(2C2u − C2d) + 2C3u − C3d +1.80± 0.83 +1.4351
CERN µ±-C DIS 66 0.81(2C2u − C2d) + 2C3u − C3d +1.53± 0.45 +1.4204
Mainz e−-Be QE 0.20 2.68C1u − 0.64C1d + 2.16C2u − 2.00C2d −0.94± 0.21 −0.8544
Bates e−-C elastic 0.0225 C1u + C1d 0.138± 0.034 +0.1528
Bates e−-D QE 0.1 C2u − C2d 0.015± 0.042 −0.0624
JLAB e−-p elastic 0.03 2C1u + C1d approved +0.0357
SLAC e−-D DIS 20 2C1u − C1d to be proposed −0.7185
SLAC e−-D DIS 20 2C2u − C2d to be proposed −0.0983
SLAC e±-D DIS 20 2C3u − C3d to be proposed +1.5000
— 133Cs APV 0 −376C1u − 422C1d −72.69± 0.48 −73.16
— 205Tl APV 0 −572C1u − 658C1d −116.6± 3.7 −116.8
was the CERN µ±C scattering experiment [131]. In this experiment, the µ-polarization, λ, was reserved
simultaneously with the µ-charge. A linear combination of the C1q and C2q different from those en-
tering DIS was obtained in an experiment at Mainz [132] in the quasi-elastic (QE) kinematic regime.
The asymmetry is a superposition of various distinct contributions and described by nuclear form fac-
tors [133] which were taken from other experiments. Scattering off carbon at even lower energies needs
only two elastic form factors, GT=0E and G
S
E, the isoscalar electromagnetic and strange quark electric
form factors. The dependence on GT=0E cancels in the asymmetry [134] of the form [135,136],
σR − σL
σR + σL
=
3GFQ
2
2
√
2πα
[
(C1u + C1d) +
GSE
4GT=0E
]
, (39)
which has been measured in elastic e-C scattering [137] at the MIT-Bates accelerator. Measurements of
PV elastic e-p and QE e-D scattering [138] at the same facility yielded a value for C2u−C2d. However,
there is uncertainty in the SM prediction due to the presence of the proton anapole moment [139,140].
Table 6 summarizes the lepton-hadron scattering experiments described above. We applied correc-
tions for α(Q2) 6= α. The most precise results from APV (discussed in the next Subsection) are also
shown. Furthermore, the weak charge of the proton,
QW (p) = 2C1u + C1d, (40)
will be measured at the Jefferson Lab [17] in elastic e-p scattering. Ward identities associated with
the weak NC protect QW (p) (defined at Q
2 = 0) from incalculable strong interaction effects and
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QW (p) can be computed with a high degree of reliability [142]. Approximately linear effects due to
Q2 ≈ 0.03 GeV2 6= 0 can be accounted for experimentally by extrapolating across various Q2 points
performed by other experiments (see Section 6.2). A new and more precise deep inelastic e-D scattering
experiment at SLAC has also been suggested [143] conceivably including an electron charge asymmetry
as a separate observable.
We performed a simultaneous fit to the couplings defined in Eq. (35) in addition to the combination
ǫ˜ ≡ 2C3u−C3d, including all theoretical and experimental uncertainties and correlations. The result is,
α˜ = −0.67 ± 0.10 (SM = −0.530),
β˜ = +0.007 ± 0.040 (SM = −0.062),
γ˜ = +0.144 ± 0.006 (SM = +0.153),
δ˜ = +1.4 ± 1.5 (SM = −0.009),
ǫ˜ = +0.87 ± 0.88 (SM = +1.500),
(41)
with the correlation matrix9 given by:
α˜ β˜ γ˜ δ˜ ǫ˜
α˜ 1.00 −0.09 0.98 −0.92 0.81
β˜ −0.09 1.00 −0.09 −0.02 −0.05
γ˜ 0.98 −0.09 1.00 −0.90 0.80
δ˜ −0.92 −0.02 −0.90 1.00 −0.88
ǫ˜ 0.81 −0.05 0.80 −0.88 1.00
(42)
This concludes the discussion of PV charged lepton scattering off hadrons. Another possibility is
to have leptons in both the initial and final states. The first PV experiment of this type is being
performed at SLAC. The E158 Collaboration [16] measures the weak charge of the electron, QW (e),
from the left-right asymmetry in polarized Møller scattering, e−e− → e−e−. A precision of better than
±0.001 in sin2 θW at Q2 ∼ 0.03 GeV2 is anticipated. The result of the first of three runs yields for the
mixing angle in the MS renormalization scheme at the Z scale, sin2 θˆW (MZ) = 0.2279± 0.0032.
Since the SM tree level expressions forQW (e) andQW (p) are suppressed by a factor 1−4 sin2 θW ≪ 1,
these observables are particularly useful to search for a variety of NP scenarios [142,144].
2.3 Parity Violation in Atoms
The experimental study of PV in atoms generally follows one of two approaches. The first is to measure
the rotation of the polarization plane of linearly polarized light as it passes through a vapor of atoms.
Such a rotation occurs because PV interactions between the atomic electrons and the nucleus induce
a difference in the absorption cross section for the left- and right-handed components of the polarized
light. A second method involves applying an external electric field to a vapor, thereby inducing Stark-
mixing of the atomic levels and leading to parity forbidden atomic transitions. The PV electron-nucleus
interactions lead to small modulations of the Stark induced transitions, and their effect may be isolated
by the appropriate combination of field reversals. The most precise measurement of an APV effect has
been performed by the Boulder group exploiting the Stark interference method and a beam of cesium
atoms [13]. A summary of APV results obtained by either of these methods appears in Table 7.
Theoretically, APV effects are described by the effective, PV atomic Hamiltonian,
HˆatomPV = Hˆ
atom
PV (NSID) + Hˆ
atom
PV (NSD), (43)
9The individual C1q and C2q are even stronger correlated than the combinations chosen here.
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Table 7: Representative results of various APV experiments. Quoted atomic theory uncer-
tainties for the first eight entries are taken from Ref. [145]. The final entry for francium
indicates a measurement only of the nuclear anapole moment.
Element Method Group Experimental Atomic Theory
Uncertainty Uncertainty
Pb spin rotation Seattle 1983 [146] ±28% ±10%
Bi spin rotation Seattle 1981 [147] ±18% ±15%
Oxford 1991 [148] ±2% ±15%
Seattle 1993 [149] ±1% ±15%
Tl spin rotation Oxford 1991 [150] ±15% ±3%
Tl Stark interference Berkeley 1985 [151] ±28% ±6%
Oxford 1995 [152] ±3% ±6%
Seattle 1995 [153] ±1% ±6%
Cs Stark interference Boulder 1985 [154] ±12% ±1%
Paris 1986 [155] ±12% ±1%
Boulder 1988 [156] ±2% ±1%
Boulder 1998 [13] ±0.35% ±0.5%
Yb isotope ratios (R1) Berkeley (in progress) [157–159] ±0.1%
Ba+ ion trap Seattle (in progress) [160] ∼ ±0.35% <∼ ±1%
Fr atom trap Stony Brook (in progress) [161] <∼ ±10% ∼ ±1%
where the second term depends on the nuclear spin (NS) while the first term is nuclear spin independent.
The former is given by,
HˆatomPV (NSID) =
GF
2
√
2
∫
d3xψˆ†e(~x)γ5ψe(~x)ρ
NC(~x) + · · · , (44)
where ρNC(~x) is the nuclear matrix element of the NC charge operator and where the dots indicate
contributions from the spatial components of the nuclear NC. The analogous form for HˆatomPV (NSD) is,
HˆatomPV (NSD) =
GF√
2
κ
∫
d3xψˆ†e(~x)~αψe(~x) · ~Iρ˜(~x), (45)
where ~α are Dirac matrices, ~I is the nuclear spin, and ρ˜(~x) is the nuclear density [162]. The quantity
κ receives contributions from the hadronic axial vector NC as well as from the anapole moment (see
below). The effect of HˆatomPV is to mix atomic states of opposite parity. In cesium, the relevant mixing
involves nS1/2 and n
′P1/2 states, with a mixing matrix element given by,
〈P |HˆatomPV (NSID)|S〉 = i
GF
2
√
2
CSP (Z)QW (Z,N) + · · · , (46)
where CSP is an atomic structure dependent coefficient that must be computed theoretically and where
the dots denote small corrections arising from the spatial components of the NC, finite nuclear size,
nucleon substructure, and the NSD term. Since the weak charge [cf. Eq. (40)] is given by,
QW (Z,N) = (2Z +N)C1u + (Z + 2N)C1d ≈ Z(1− 4 sin2 θW )−N ≈ −N, (47)
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the finite nuclear size corrections are dominated by the spatial dependence of the neutron density. The
uncertainties associated with this correction have been estimated in Ref. [163] to be about ±0.15% for
cesium. The uncertainties associated with nucleon structure are comparably small [136,142].
A more significant source of theoretical uncertainty arises from computations of the atomic structure
dependent constants CSP (Z). In practical calculations, however, one must compute not only the mixing
matrix elements of Eq. (46) for a tower of P -states that are mixed into the cesium ground state and first
excited state, but also those of the electric dipole operator between the various S and P states as well
as the energy differences appearing in the denominator in the perturbation series. Prior to the most
recent measurement of cesium APV, ab initio calculations of these quantities had been carried out by
the Notre Dame [164,165] and Novosibirsk [166] groups. The uncertainty in QW (Z,N) associated with
these computations were estimated to be about one percent. Following their 0.35% measurement of the
PV transition in cesium [13], the members of the Boulder group performed additional measurements of
transition dipole amplitudes and argued that the results considerably reduced the theoretical, atomic
structure uncertainty in QW for cesium, with a combined experimental and theoretical error of 0.6% [14].
With this reduced uncertainty, the measurement implied a 2.5 σ deviation from the SM prediction.
The report of this deviation stimulated considerable theoretical activity. From the standpoint of
particle physics, various studies argued that it suggested the presence of a light Z ′ [100,167,168], lepto-
quarks [169], or RPV SUSY interactions [170]. At the same time, atomic structure theorists scrutinized
previous calculations and discovered several O(1%) effects that had not been properly included. Among
these effects were correlation-enhanced contributions from the Breit interaction [171,172], contributions
from the Uehling potential [173,174], and QED vertex and self-energy corrections that are amplified in
the presence of the nuclear field [175–178]. Inclusion of the Uehling potential contribution tends to in-
crease the disagreement between the experimental and SM values for QW , whereas the Breit correction
and QED vertex and self-energy contributions reduce it. The net result is the value,
QCsW (exp.) = −72.69± 0.48, (48)
in agreement with the SM prediction [142],
QCsW (SM) = −73.16. (49)
The error in (48) includes the uncertainty from atomic structure calculations. Note that this error
(obtained from the most recent atomic structure publications) has been reduced from the 1% uncertainty
associated with the previous calculations in Refs. [164–166]. When used to extract a value for sin2 θW
at Q2 ≈ 0, one obtains from (48) the result indicated in Figure 1.
The importance of the cesium result (48) is underlined by on-going experimental work in the field.
The Paris group is attempting to perform a more precise version of their earlier cesium measurement,
applying the Stark induced mixing technique to a cell of cesium gas. The Seattle group has undertaken
a measurement of APV with trapped Ba+ ions that involves looking for frequency shifts associated
with parity forbidden transitions [160]. The latter involve a study of the 6S1/2 (ground state)→ 5D3/2
transition that will contain a parity forbidden component due to mixing of P-states into the ground
state. Ref. [179] argued that the atomic structure computations for Ba+ isotopes should achieve the
same level of precision as for cesium.
At Berkeley efforts are underway to measure APV effects for different isotopes of Yb. The latter
approach was motivated by the observation that a comparison of APV effects in different isotopes would
eliminate the large atomic structure theory uncertainties. In particular, if one forms the quantity,
R1 = A
NSID
PV (N
′)− ANSIDPV (N)
ANSIDPV (N
′) + ANSIDPV (N)
, (50)
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where ANSIDPV (N) is a NS independent atomic PV observable, and if the atomic structure effects (governed
largely by the nuclear Coulomb field) do not vary appreciably along the isotope chain, then one has,
R1 = QW (N
′)−QW (N)
QW (N ′) +QW (N)
≈ N
′ −N
N ′ +N
, (51)
where the dependence on atomic structure has largely canceled from the ratio. An analogous result
occurs for the ratio R2 = ANSIDPV (N ′)/ANSIDPV (N).
Corrections to these ratios are generated by nuclear structure since the neutron distribution [and
thus, the quantity ρNC(~x) appearing in Eq. (44)] vary along the isotope chain. At present, the theoretical
uncertainties associated with this effect appear to be larger than one would like for isotope measurements
to provide meaningful probes of NP [163]. In principle, a new measurement of the neutron distribution
in Pb using elastic PV electron scattering at the Jefferson Lab [180] may help to reduce the nuclear
structure uncertainties associated with this and similar measurements. Moreover, the NP sensitivity of
the Ri is dominated by the possible effects of NP on the proton [144], making a direct measurement
with, e.g., PV e-p scattering, a cleaner probe. Nonetheless, work is proceeding to carry out isotope
comparisons with Yb. A combined experimental and theoretical uncertainty of ∼ 0.2% inR1(Yb) would
yield a similar sensitivity to NP as the determination of QW (p) planned at Jefferson Lab.
While the primary focus of atomic PV measurements has been on testing the SM via the NS
independent weak charge interaction, the NS dependent contribution has also received considerable
attention. The latter is dominated by the nuclear anapole moment, which gives the leading PV coupling
of a photon to a nucleus. For a spin-1/2 system, the anapole interaction has the form,
Lanapole = a
M2
ψ(x)γµγ5ψ∂νF
µν , (52)
where the coefficient, a, is the anapole moment. The interaction in Eq. (52) vanishes for real photons,
while for virtual photons it has the same contact interaction character as the low energy Z exchange
amplitude. As discussed in Section 6.1, the largest contributions to a arise from PV nucleon-nucleon
(NN) interactions, whose effects grow as A2/3 in nuclei. A study of the anapole moment, then, provides
a probe of the ∆S = 0 hadronic weak interaction in nuclei. The first non-zero determination of a
nuclear anapole moment was carried out for cesium at Boulder [13], and a limit on the anapole moment
of thallium has been obtained at Seattle. On-going atomic PV experiments involving Yb, Ba+ ions,
and Fr seek to isolate the anapole effect in those nuclei (for a recent review, see Ref. [162]).
3 Charged Current Phenomena
3.1 µ Decay
The study of heavy lepton decays continues to provide important input into the SM and constrain
various SM extensions. Indeed, the muon lifetime, τµ, remains one of the most precisely measured weak
interaction observables and yields, via the Fermi constant, one of the three inputs needed to determine
properties of the EW gauge sector of the SM. Taking into account QED radiative corrections up to
O(α2), the lifetime and Fermi constant are related through [181],
1
τµ
=
G2µm
2
µ
192π3
f
(
m2e
m2µ
)
(1 +R)
(
1 +
3
5
m2µ
M2W
)
, (53)
where,
R =
α
2π
(
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4
− π2
)[
1 +
α
π
(
2
3
ln
mµ
me
− 3.7
)
+
(
α
π
)2 (4
9
ln2
mµ
me
− 2.0 ln mµ
me
+ C
)
+ · · ·
]
, (54)
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are the QED radiative corrections and where f(x) = 1−8x+8x3−x4−12x2 ln x. The O(α) contribution
was first computed in Refs. [182,183]. The O(α2, α3) terms containing lnmµ/me terms have been ob-
tained using renormalization group methods in Ref. [184], while the non-logarithmic O(α2) contribution
was worked out in Ref. [185]. The constant C, which describes the non-logarithmic O(α3) corrections
has not been computed.
The present value for the lifetime is τµ = 2.197035(40)× 10−6 s, which leads to Gµ = 1.16637(1)×
10−5 GeV−2 (the subscript, µ, indicates a value for the Fermi constant taken from the muon lifetime).
The dominant contribution to the uncertainty arises from the experimental error in τµ (18 ppm), with
small errors arising from the uncertainty in the neutrino mass (10 ppm), the muon mass (0.38 ppm)
and from higher order QED contributions (0.50 ppm).
By itself, the value for Gµ cannot be used to constrain NP. However, requiring consistency between
Gµ and other SM quantities can lead to constraints [181]. For example, given values for the fine structure
constant, the Z boson mass, and Gµ, the SM predicts a value for the weak mixing angle as a function
of all the other parameters in the theory,
sˆ2cˆ2 =
πα√
2GµM2Z(1−∆rˆ)
, (55)
where the hat indicates quantities renormalized in the MS scheme, sˆ2 = sin2 θˆW (µ = MZ), and ∆rˆ
is a radiative correction parameter. Alternately, if one treats all the SM parameters (including the
value of sˆ2) as independent quantities to be taken from experiment, Eq. (55) is a self-consistency test
constraining NP that could affect the value of ∆rˆ = ∆rˆSM +∆rˆNEW. Updating Ref. [181] we find,
∆rˆNEW = 0± 0.0006, (56)
This can be used to constrain a variety of NP scenarios [181]. For example, if an excited W boson
contributed to the decay rate, then its mass would have to satisfy,
MW ∗ > 3.3
√
C
g∗
g
TeV, (57)
where C is a model dependent constant expected to be of O(1), and g∗ is the gauge coupling of the
W ∗. In a similar way, Eq. (55) can be used to derive constraints for SUSY scenarios [170,186] (see
Refs. [187–194] for earlier analyses).
At present, the range (56) is determined by the uncertainties in the values of mt and α(MZ) that
appear in ∆rˆSM, and the value of sˆ2 entering Eq. (55). Substantial improvements in the precision for
these quantities must be achieved before the uncertainty in Gµ will present a serious limitation to future
improvements in NP sensitivity. Nevertheless, a more precise measurement of τµ is being carried out
at PSI by the FAST [195] and µLan Collaborations [196]. The goal for both measurements is a 2 ps
(1 ppm) uncertainty in the lifetime.
In addition to precision measurements of τµ, studies of the µ decay spectral shape and β-asymmetry
provide tests of EW theory10. These properties have historically been described by the Michel param-
eters [198,199], which appear in the partial decay rate for a µ±:
dΓ =
G2µm
5
µ
192π3
dΩ
4π
x2 dx×
{
1 + h(x)
1 + 4η(me/mµ)
[
12(1− x) + 4
3
ρ(8x− 6) + 24me
mµ
(1− x)
x
η
]
(58)
±Pµ ξ cos θ
[
4(1− x) + 4
3
δ(8x− 6) + α
2π
g(x)
x2
] }
,
where x = |~pe|/|~pe|max, θ = cos−1(pˆe · sˆµ), Pµ is the µ± polarization, and h(x) and g(x) are momentum
dependent radiative corrections. The SM predictions for the Michel parameters, ρ, δ, ξ, and η, along
with the present experimental limits are listed in Table 8.
10Studies of the β-polarization may also lead to constraints on NP (see, e.g., Ref. [197]).
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Table 8: Present experimental values for the Michel parameters, compared with SM predic-
tions. Experimental errors have been combined in quadrature. Projected uncertainties for
the TWIST measurement are shown in the last column.
Parameter Present SM TWIST (projected)
ρ 0.7518± 0.0026 [200] 3/4 ±0.0001
δ 0.7486± 0.0040 [201] 3/4 ±0.00014
Pµ ξ 1.0027± 0.0085 [202] 1 ±0.00013
η −0.007± 0.013 [203] 0 ±0.003
Note that the effect of η on the differential rate is suppressed by me/mµ, making this quantity
more difficult to measure than the other Michel parameters. Indeed, the level of agreement of the SM
predictions for the shape parameters, ρ and δ, compared to experiment is quite high (per mille), while
the precision for η and the asymmetry parameter Pµ ξ is presently a factor of ten weaker. One expects
significant improvements in these limits from the TWIST Collaboration [204], which has undertaken
a new measurement of polarized µ+ decay at TRIUMF. As indicated in Table 8, the Collaboration
expects to decrease the experimental errors by factors ranging from 60 for Pµ ξ to 4 for η.
With the expected improvement in precision, the results of the TWIST experiment could have signif-
icant implications for NP that might affect muon decay. Historically, the effects of non-SM interactions
on the Michel parameters have been characterized by a general set of four-fermion contact operators,
Leffµ decay =
Gµ√
2
∑
j
ψ¯eΓjψµψ¯νµΓj(Cj + C
′
jγ5)ψνe, (59)
where the sum runs over all of the independent Dirac matrices Γj. While the operators appearing
in Eq. (59) are non-renormalizable, they may arise in the low energy limit of renormalizable gauge
theories. In theories such as the SM that contain purely left- or right-handed gauge interactions, all but
the vector and axial vector type couplings, CV,A and C
′
V,A, vanish. Scalar and pseudoscalar interactions
can be induced, for example, in the presence of mixing between left- and right-handed gauge bosons
(see below). General expressions for the Michel parameters in terms of the Cj and C
′
j can be found, for
example, in Ref. [205].
To illustrate, we consider the effects of right-handed gauge interactions on the Michel parameters.
An extensive analysis of such effects has been carried out in Ref. [206]. For a situation involving an
additional, light right-handed gauge boson that mixes with the SU(2)L gauge boson, one has,
W1 = cos ζWL − sin ζe−iωWR, (60)
W2 = sin ζWL + cos ζe
−iωWR, (61)
for the two mass eigenstates with M2 > M1. The resultant effective, low energy interaction for muon
decay is given by,
Lµ decayeff = 4
∑
ij
cij e¯iγ
λνeiν¯µjγλµj , (62)
where the sum runs over all chiralities i, j = L,R and where the neutrino flavor states may be mixtures
of mass eigenstates. In terms of the couplings, masses, and mixing angles, one has [206],
cLL =
g2L
8M21
cos2 ζ +
g2R
8M22
sin2 ζ, (63)
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cRR =
g2L
8M21
sin2 ζ +
g2R
8M22
cos2 ζ,
cLR = c
∗
RL = −
gLgR
8M21
(
1− M
2
1
M22
)
sin ζ cos ζeiω.
In order to translate these effective couplings into the Michel parameters, one must consider various
scenarios for the neutrino sector. For example, assuming massive Dirac neutrinos leads to,
ρ =
3
4
1 + |κRR|2v˜ev˜µ
1 + |κRR|2v˜ev˜µ + |κRL|2(v˜µ + v˜e) , (64)
η = 0, (65)
ξ =
1− |κRR|2v˜ev˜µ
1 + |κRR|2v˜ev˜µ + |κRL|2(v˜µ + v˜e) , (66)
δ =
1− |κRR|2v˜ev˜µ
1− |κRR|2v˜ev˜µ + 3|κRL|2(v˜µ − v˜e) , (67)
for the Michel parameters and,
Pµ =
|1− κLRλeiα|2 − |κRL − κRRλeiα|2v˜µ
|1− κLRλeiα|2 + |κRL − κRRλeiα|2v˜µ , (68)
for the polarization. The quantities v˜ℓ are ratios of sums over the mixing angles for the right- and
left-handed neutrinos,
v˜ =
∑′
i |Vli|2∑′
i |Uli|2
, (69)
with the Uli (Vli) being the analogs of the CKM matrix for left-handed (right-handed) Dirac neutri-
nos and the prime indicating that only mass eigenstates produced in the decay are included, λ =
cos θR1 / cos θ
L
1 is the ratio of (1,1) entries in the right- and left-handed CKM matrices, α is the CP
violating phase in the right-handed CKM matrix, and κij = cij/cLL.
As Eqs. (63-68) make evident, the Michel parameters depend in a complicated way on the couplings,
mixing angles, and masses that appear in the simplest, but most general, left-right symmetric model
with massive Dirac neutrinos. Allowing for Majorana mass terms introduces additional contributions to
expression for the Michel spectrum. Thus, the analysis of the Michel spectrum must occur in the context
of a more general study of CC processes, including direct searches for a WR in collider experiments,
light quark β decay, neutrino oscillations, neutrinoless ββ decay, etc. Such a comprehensive study has
yet to be performed.
Some simplifications occur by considering the combination of Michel parameters
R = 1− δξ
ρ
Pµ. (70)
As a practical matter, only the combination ξPµ can be accessed by experiment, making R an ap-
propriate quantity to constrain experimentally. Expanding the foregoing expressions for the Michel
parameters and Pµ to second order in small quantities, one obtains [206],
R ≈ 2t2v˜ev˜µ + 2t2θv˜µ + 2ζ2g v˜µ + 4tθζgv˜µ cos(α+ω), (71)
where t = (gR/gL)
2(M1/M2)
2, tθ = tλ, and ζg = (gR/gL)ζ . Information on the combination of phases
α + ω can be derived from searches for the electric dipole moment of the electron, neutron, or neutral
atoms, which are sensitive to the combination ζgλ sin(α+ω), while neutron, pion, and nuclear β decays
provide independent constraints on ζg. Studies of neutrino properties are clearly required for v˜ℓ. Collider
experiments presently provide upper bounds on the mass ratios M21 /M
2
2 , though the extraction of these
bounds depends to some degree on assumptions about the right-handed CKM matrix and the relative
strengths of the left- and right-handed couplings.
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3.2 Pion Decay
The decay modes of the π± have long been a subject of study in EW physics. The dominant decay
mode, π− → µ−ν¯µ provides a value for the pion decay constant, Fπ, that encodes the effects of non-
perturbative strong interactions involving the light quarks in the decay. Since these effects cannot be
computed at present with high precision, the dominant decay mode does not provide a useful testing
ground for the SM EW interaction. However, the value of Fπ obtained from this decay plays an
important role in the analysis of chiral dynamics in strong interactions. In contrast, a comparison of
the rates Γ[π+ → µ−ν¯µ(γ)] and Γ[π− → e−ν¯e(γ)] is insensitive to Fπ at leading order and can be used
to study the underlying EW interaction. Similarly, the pion β decays π+ → π0e+νe (π− → π0e−ν¯e) and
their radiative counterparts are also quite insensitive to strong interaction uncertainties, making them
in principle an interesting SM testing ground.
When extracting the value of Fπ from Γ[π
− → µ−ν¯µ(γ)], one must take into consideration EW
radiative corrections. Doing so ensures that they are not inadvertently included (via Fπ) in strong
interaction processes such as π-N scattering. In contrast to the situation with muon decay, however, the
treatment of these radiative corrections is convention dependent and entails some degree of theoretical
uncertainty. These features arise because some of the O(α) contributions involve loops containing light
quarks that interact non-perturbatively. The most widely used convention for treating the radiative
corrections has been given by Marciano and Sirlin [207]. Including all effects through order G2µα yields,
Γ[π− → ℓ−ν¯ℓ(γ)] =
G2µ|Vud|2
4π
F 2πmπm
2
ℓ
[
1− m
2
ℓ
m2π
] [
1 +
2α
π
ln
MZ
µ
]
(72)
×
[
1− α
π
{
3
2
ln
µ
mπ
+ C¯1(µ) + C¯2(µ)
m2ℓ
Λ2χ
ln
µ2
m2ℓ
+ C¯3(µ)
m2ℓ
Λ2χ
+ · · ·
}] [
1 +
α
π
F (x)
]
,
where C¯i are a priori unknown constants that parameterize presently incalculable non-perturbative
QCD effects, Λχ = 4πFπ is the chiral scale, the dots denote terms suppressed by additional powers of
the lepton mass square, m2ℓ/Λ
2
χ, and x = m
2
ℓ/m
2
π.
The function F (x), along with the terms containing the C¯i, arise from QED corrections to the
decay of a point-like pion. The first O(α) correction containing the lnMZ is a short-distance contribu-
tion. Symmetry considerations protect part of this term from receiving any perturbative corrections,
while another component receives corrections. In addition, Ref. [207] summed the contributions of
the form [(α/π) ln(MZ/µ)]
n for all n, using the RG to produce an improved estimate of the short dis-
tance correction factor, SEW (µ,MZ) that replaces 1 + 2(α/π) ln(MZ/µ). Choosing µ = mρ, one has
SEW (µ,MZ) = 1.0232.
More serious theoretical uncertainties arise from the terms proportional to the C¯i. In general, they
depend on the choice of scale associated with matching short- and long-distance contributions11. In
particular, the µ dependence of C¯1(µ) must cancel the µ dependence of the short-distance, RG-improved
correction factor. The authors have estimated the uncertainty in C¯1 by varying µ from mρ by a factor
of two and requiring a corresponding variation in C¯1(µ). Taking C¯1(mρ) = 0 they estimate δC¯1 = ±2.4,
corresponding to a ±0.56% correction to the rate.
An estimate for C¯2 can be obtained using PCAC and the ratio of axial and vector form factors
in radiative pion decay. The uncertainty associated with C¯3 should be small as its magnitude is
(α/π)(m2µ/Λ
2
χ)C¯3 ≈ 1.9 × 10−5C¯3. Including these effects, using the latest value for the lifetime and
branching ratio [113],
τπ± = (2.6033± 0.0005)× 10−8 s, Γ(π
+ → µ+νµ)
Γtot
= (99.98770± 0.00004)%, (73)
11Our conventions differ slightly from those of Ref. [207], since we have normalized the terms containing powers of m2ℓ
to Λ2χ rather than to m
2
ρ.
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and the values of Gµ and |Vud| from muon and super-allowed, nuclear β decays (see below), one obtains,
Fπ = 92.4± 0.07± 0.25 MeV, (74)
where the first error is from the experimental uncertainty in |Vud| and the second is associated with C¯1.
In contrast to Γ[π− → ℓ−ν¯ℓ(γ)], the ratio Re/µ of electronic to muonic widths is fairly insensitive to
strong interaction uncertainties and can provide an interpretable test of the electron-muon universality
of the SM. In particular,
Re/µ =
Γ[π− → e−ν¯e(γ)]
Γ[π− → µ−ν¯µ(γ)] =
m2e
m2µ
[
m2π −m2e
m2π −m2µ
]2 {
1 +
α
π
[
F (
me
mπ
)− F (mµ
mπ
) +
m2µ
Λ2χ
(C¯2 ln
m2µ
Λ2χ
+ C¯3)
]}
, (75)
where terms proportional to αm2e are negligible and have been dropped. After including structure
dependent bremsstrahlung corrections and re-summing terms of the form [α/π ln(me/mµ)]
n that arise
in the difference F (me/mπ)− F (mµ/mπ) one obtains [207],
RSMe/µ = (1.2352± 0.0005)× 10−4, (76)
where the error originates dominantly from the structure dependent bremsstrahlung contributions.
Precise determinations of Re/µ have been carried out at PSI [208] and TRIUMF [209], averaging to,
Rexpe/µ
RSMe/µ
= 0.9966± 0.0030± 0.0004, (77)
where the first error is experimental and the second is the estimated theoretical uncertainty. At present,
one has no indication of any disagreement with the SM, though the ratio (77) does provide rather
stringent constraints on possible universality violating, NP contributions. For example, the exchange
of squarks (q˜) in RPV SUSY may lead to a non-universal contribution [170,210],
Re/µ
RSMe/µ
= 1 + 2
[
∆′11k(d˜
k
R)−∆′21k(q˜kR)
]
, (78)
where ∆′11k(d˜
k
R) = |λ′11k|2/4
√
2GFM
2
d˜k
R
, etc., with λ′ijk denoting the RPV coupling of various generations
of squarks with masses Mq˜k . The experimental agreement with the SM prediction illustrated by the
ratio (77) places substantial constraints on the possible size of RPV effects in other low energy weak
processes that also depend on the ∆′ijk [98,170].
In addition, CC universality tests can be performed by the study of pion β decays. In this case, the
transition involves hadronic matrix elements of the charged vector current, so the theoretical prediction
for the rate is protected from large and theoretically uncertain strong interaction corrections of the type
encoded by Fπ. However, some uncertainties do appear at O(α) due to the diagrams of the type in
Figure 4. The benchmark study of the SM, EW radiative corrections to pion β decay was performed by
Sirlin [211], who used current algebra techniques. A more recent analysis within the context of chiral
perturbation theory (χPT) has been carried out by Cirigliano et al. [212]. The latter analysis also
includes the corrections due to pion form factors that were not included in the earlier studies.
Experimentally, the study of pion β decay is a challenging enterprise, given that the branching ratio
for this decay mode is of the order ∼ 10−8. The most accurate result has been published in Ref. [213],
leading to the Particle Data Group value [113],
B(π+ → π0e+νe) = (1.025± 0.034)× 10−8. (79)
After inclusion of EW radiative corrections [212], one can extract,
|Vud|2 = 0.9675± 0.0160± 0.0005, (80)
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Figure 4: The O(α) box graph correction to pion, neutron, and nuclear β decay generated by
the exchange of one W boson and one γ. The double lines indicate initial and final hadronic
states, respectively.
where the first error is experimental and the second theoretical. The latter is dominated by extrapolation
of the pion form factor f+ to Q
2 = 0 and is negligible compared to the experimental uncertainty.
A reduction in the experimental error bar is a primary goal of the PIBETA experiment [214] under-
way at PSI. The experiment relies on a 113 MeV beam of π+ stopped in a plastic scintillator target.
Energy from the decay products is deposited in a CsI shower calorimeter. The ultimate goal of the
measurement is to determine B(π+ → π0e+νe) to 0.5% precision, representing a factor of 7 improvement
over the present world average. A new result with 0.8% uncertainty, based on a partial data set, has
recently been reported by the Collaboration [215].
The PIBETA Collaboration is also carrying out a study of radiative pion decay (RPD). The branch-
ing ratio, B(π+ → e+νeγ), is sensitive to the ratio of axial vector and vector pion form factors, FA and
FV , respectively, defined as [216,217],
〈γ(q, ε)|d¯γλu|π+(p)〉 = eFV ǫµλρσεµp
ρqσ
mπ
, (81)
〈γ(q, ε)|d¯γλγ5u|π+(p)〉 = ieFAεµp · qgµλ − pµqλ
mπ
, (82)
where p is the pion momentum, and q and ε are the photon momentum and polarization, respectively.
Present constraints on RPD give [113], FV = 0.0259± 0.0005, and FA ≈ 0.5FV . Recently, the PIBETA
Collaboration has performed a precise determination of the ratio, γ = FA/FV , yielding [218],
γ = 0.443± 0.014. (83)
The presence of only these two form factors (FV,A) implies a spectral shape for the RPD as a function of
(2Ee+/mπ+) sin
2(θeγ/2). An analysis of the PIBETA data set indicates a departure from this expectation
for hard photons and soft positrons [218]. If one ultimately does not find a refined SM prediction that is
consistent with the observed spectral shape, the explanation could lie in the presence of a non-vanishing
tensor form factor [217] arising from a lepton-quark interaction producing an amplitude,
M(π+ → e+νeγ) = Gµ|Vud|√
2
ieFT ε
λqµe¯σλµ(1− γ5)νe. (84)
Including such a non-vanishing tensor amplitude with FT ≈ 0.0016 appears to produce better agreement
with the preliminary experimental PIBETA spectrum [214]. While the value of FT vanishes at tree level
in the SM, one can presently not exclude an induced FT arising from radiative corrections. Alternatively,
this type of term may arise in various leptoquark scenarios or from sfermion exchange in RPV SUSY.
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3.3 Beta Decay, Kaon Decay, and CKM Unitarity
As illustrated in the previous Subsection, one of the arenas in which the predictions of the SM have
been tested most precisely at low energies is in the weak decays of light quarks. Of particular interest
is the first row of the CKM matrix and the SM unitarity requirement,
|Vud|2 + |Vus|2 + |Vub|2 = 1. (85)
The largest contributor to the unitarity sum is |Vud|, which can be determined from the β decay of the
pion, neutron, or nuclei. The current experimental work on pion β decay has been discussed above,
so we concentrate here on neutron and nuclear β decays. In both cases, the relevant quantity that
characterizes the total decay rate is the so-called ft value,
ft =
K
(GβF )
2〈MV 〉2 + (GβA)2〈MA〉2
, (86)
where t is the half-life, f is a factor that corrects for the outgoing β particle wave-function, GA =
GµVudgA with gA being the axial vector coupling of the nucleon to the W
± boson, MV (MA) are vector
(axial vector) matrix elements, and K is the combination of constants,
K = h¯(2π3 ln 2)(h¯c)6/(mec
2)5. (87)
The quantity GβF can be expressed in terms of Gµ, Vud, and radiative corrections to the β decay (∆rβ)
and µ decay (∆rµ) amplitudes,
GβF
Gµ
= Vud(1 + ∆rβ −∆rµ). (88)
The quantity ∆rβ is sensitive to various non-perturbative strong interaction effects that contribute to
the EW radiative corrections. The matrix elementsMV,A are similarly dependent on hadronic structure.
For neutron decay, for example, one has 〈MV 〉2 = 1 and 〈MA〉2 = 3.
The neutron lifetime, τn, depends on both G
β
F and G
β
A and both of these quantities are proportional
to Vud. Unlike G
β
F , which arises from the vector coupling of the W
± boson to light quarks, GβA arises
from the axial vector charge changing quark current and, thus, is susceptible to significant strong
interaction renormalization. The quantity gA = −1.2670 ± 0.0030 encodes this renormalization. At
present, one cannot compute it directly from QCD with the precision needed to perform a significant
determination of Vud from τn. Instead, an experimental separation of G
β
F and G
β
A is needed. In practice,
such a separation can be obtained by combining a determination of τn with a measurement of any one
of several β decay correlation coefficients. The latter appear in the partial rate [219],
dΓ ∝ N(Ee)
[
1 + a
~pe · ~pν
EeEν
+ b
me
Ee
+ A
~pe · 〈~σn〉
Ee
+B
~pν · 〈~σn〉
Eν
+D〈~σn〉~pe × ~pν
EeEν
]
dΩedΩνdEe, (89)
where N(Ee) = peEe(E0 − Ee)2, Ee (Eν) and ~pe (~pν) are the β (neutrino) energy and momentum,
respectively, and ~σn is the neutron polarization. The coefficients a, A, and B can be expressed in terms
of the ratio, λ = GβA/G
β
F , as,
a =
1− λ2
1 + 3λ2
, A = −2λ(1 + λ)
1 + 3λ2
, B = 2
λ(λ− 1)
1 + 3λ2
. (90)
The quantity b appearing in the so-called Fierz interference term is zero for purely vector and axial
vector interactions, while the triple correlation parameterized by D is time-reversal odd. A non-zero
value for the latter can be induced by electromagnetic final state interactions between the outgoing
β particle and the proton or by possible new T-odd, parity conserving interactions. A search for the
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latter via a measurement of the D coefficient has been completed by the emiT Collaboration [220], who
obtained the null result,
D = [−0.6± 1.2 (stat.)± 0.5 (syst.)]× 10−3. (91)
The neutron lifetime has been obtained from both neutron beam experiments and stored ultra-
cold neutrons (UCNs). An average of the five most recent experiments yields the current PDG value,
τn = 885.7 ± 0.7 s. A more precise measurement of τn is being pursued at NIST using magnetically
trapped ultra-cold neutrons [221]. Historically, determinations of λ from correlation measurements
have proved more challenging due to a host of systematic effects. The quoted uncertainty for each of
the four most recent cold neutron measurements of A is roughly one percent. However, the central
values form the different measurements are in rather poor agreement, leading to the PDG average,
A = −0.1162 ± 0.0013. When combined with the current uncertainty in τn, this average implies a
sizable uncertainty in Vud obtained from neutron decay.
Recent technological advances involving cold and ultra-cold neutron methods should lead to im-
proved determinations of λ. The PERKEO Collaboration has performed a determination of A with
∼ 0.6% uncertainty using cold neutrons at the ILL reactor, leading to λ = −1.2739 ± 0.0019 [222].
In contrast to previous determinations of A, which entailed application of large, O(25%), corrections
to the raw data, the subtractions applied in the latest experiment are roughly ten times smaller than
the quoted uncertainty. When combined with the current world average for τn, the result implies
|Vud| = 0.9713± 0.0013. Using the current PDG values for |Vus| (see below) and |Vub| one obtains,
|Vud|2 + |Vus|2 + |Vub|2 = 0.9917± 0.0028, (92)
indicating a deviation from unitarity by more than three standard deviations.
A new measurement of A presently underway at LANSCE seeks to reduce the uncertainty in λ
to the 0.1% level [223]. The experiment relies on a solid D2 moderator and the LANSCE beam of
cold neutrons to create a source of ultra cold, polarized neutrons. Cold neutrons (T < 100 K) are
first produced using conventional cold moderators and subsequently cooled to T < 4 mK via phonon
interactions in D2. The experiment has thus far produced the world’s record density of stored ultra
cold neutrons (140 UCN/cm3). The advantage of UCNs for a measurement of A is two-fold: (a) the
neutrons can be stored in bottles for a duration comparable to τn and (b) a polarization of P ∼ 100%
can be achieved.
A variety of future possibilities for both more precise τn determinations as well as correlation coeffi-
cient measurements have been discussed. The use of magnetically trapped UCNs in super-fluid 4He has
been demonstrated at NIST, and a τn measurement using this method with ±1 s uncertainty could be
carried out. The construction of an UCN beam line for fundamental neutron physics at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory would provide the capability for further im-
provements in precision. The present uncertainty in τn contributes an error of ∼ 0.05% to the value of
|Vud| obtained from neutron decay, and as the precision on λ is increased with new UCN measurements,
corresponding reductions in the error on τn will become important. A comprehensive determination of
the complete set of neutron decay correlation coefficients using a beam of pulsed cold neutrons at the
SNS has also been considered. Such an experiment would allow a redundant determination of λ, with
multiple cross checks on systematic effects, thereby providing additional confidence in the value of this
quantity. For a recent theoretical study of neutron decay correlation coefficients, see Ref. [224]. For
other theoretical considerations, see Ref. [225].
To date, the most precise determination of |Vud| has been obtained from analysis of “super-allowed”
Fermi nuclear β decays. These decays involve transitions from spin-parity Jπ = 0+ initial states to 0+
daughter nuclei and, thus, only matrix elements of the vector part of the charge changing weak current
may contribute. In the limit of zero momentum transfer squared, the latter is simply the isospin raising
or lowering operator, and to the extent that the states involved in the transition are part of an isospin
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multiplet, the matrix element 〈MV 〉 of the time component of the charge changing vector current is
〈I, IZ ± 1|J±0 |I, IZ1〉 = [(I ∓ IZ)(I ± IZ + 1)]1/2, (93)
independently of nuclear structure. Small deviations from this exact isospin symmetric result are
induced by configuration mixing as well as small differences in the neutron and proton radial wave-
functions in the initial and final nuclear states. The corresponding corrections, along with those due
to nuclear structure dependent effects in EW radiative corrections, must be computed and applied to
the ft values before a nucleus independent value of GβF is obtained. The resulting expression for the
corrected ft values, Ft, is given by,
Ft(1 + δR)(1− δC) = K
2(GβF )
2
, (94)
where δR is a nucleus dependent component of the O(α) EW radiative corrections, and δC is a nuclear
structure correction that enters because the initial and final nuclear states are not perfect isospin
multiplet partners. The latter correction accounts for two effects, configuration mixing in the nuclear
states and small differences in the initial and final radial wave-functions.
An important test of the nuclear structure calculations required for δR and δC is a comparison of
the Ft values from different decays, which should agree according to the approximate conserved vector
current (CVC) property of the SM. The Ft values for nine different super-allowed transitions have been
measured with a precision of 0.1% or better (for recent reviews, see Refs. [226–228]). A fit [227] yields
Ft = 3072.2 ± 0.8, indicating agreement with CVC at the level of a few parts in 104. The largest
contributors to the overall uncertainty are the estimated uncertainties in δR and δC .
In order to extract a value of |Vud| from the average Ft values, the calculated correction, ∆rβ−∆rµ,
must also be subtracted, as indicated in Eq. (88). In particular, the correction ∆rβ is sensitive to
non-perturbative QCD effects, introducing an additional source of uncertainty beyond those appearing
in the average Ft value. This uncertainty arises primarily from the box diagram of Figure 4 involving
the exchange of one W± boson and one γ that yields the amplitude,
MWγ = Gµ√
2
αˆ
2π
[
ln
(
M2W
Λ2
)
+ CγW (Λ)
]
, (95)
where the leading logarithmic term can be computed reliably in the SM and the constant CγW (Λ)
parameterizes contributions to the loop integral below a scale Λ. An estimate of CγW (Λ) was given by
Sirlin [211] using nucleon intermediate states in the box diagram, and this estimate has been retained
by subsequent authors. To estimate the corresponding uncertainty, Ref. [226] used the response of the
logarithmic term in Eq. (95) when Λ is varied between 400 and 1600 MeV. One obtains [228],
|Vud| = 0.9740± 0.0005, (96)
where the error is dominated by the estimated uncertainty in ∆rβ (±0.0004). When the results from
neutron decay are averaged with the result (96), one obtains the PDG [113] value12,
|Vud| = 0.9734± 0.0008. (97)
Obtaining a more refined, first principles computation of CγW (Λ) and the attendant theoretical uncer-
tainty remains an open theoretical problem.
One aim of on-going work in the arena of super-allowed decays is to provide further tests of the
nuclear corrections δR and δC . To that end, a comprehensive calculation of these corrections for medium-
12The Particle Data Group has augmented the uncertainty in (96) by a factor of two to account for a possible Z
dependence of the super-allowed Ft values, although there exists no statistically significant evidence for such an effect.
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and heavy-mass nuclei has been carried out [229]. The computations include both the measured cases
as well as new transitions whose measurement could provide a test of these calculations. A program
to determine the ft values for a number of these new cases with 18 ≤ A ≤ 42 is underway at Texas
A & M University and TRIUMF [228]. Studies of heavier nuclei, such as 74Rb or 62Gd present new
experimental and theoretical challenges and may prove problematic for testing the reliability of δR and
δC computations for the known cases. These challenges include the rapid shape changes of nuclei in the
A ≥ 62 region, the short half-lives of the parent nuclei, and the plethora of 1+ daughter states whose
branching fractions must be measured accurately in order to extract B(0+ → 0+) [228].
To provide a test of the unitarity requirement in Eq. (85), one must have in hand reliable values for
|Vus| and |Vub|. The value of |Vub| = 0.0032 ± 0.0009 is sufficiently small that it may be neglected for
this purpose. In contrast, the uncertainty in the currently accepted value of |Vus| [113],
|Vus| = 0.2196± 0.0026, (98)
extracted from kaon leptonic decays (Ke3) has a similar impact on the unitarity test as does the
uncertainty in |Vud|. Using the values (97,98) one obtains for the first row of the CKM matrix,∑
j=d,s,b
|Vuj|2 = 0.9958± 0.0019, (99)
indicating a 2.2σ deviation from unitarity.
Recent experimental and theoretical analyses of |Vus| have raised questions about both the central
value and quoted error in this quantity. A new analysis of ∼ 70, 000 charged kaon decay events has been
carried out by the Brookhaven E865 Collaboration [230], leading to |Vus| = 0.2272 ± 0.0023 ± 0.0019.
The first error is the combined statistical and systematic error in the partial width dΓ(K+e3) while the
second error is associated with the transition form factor, f+(t), where t = (pK − pπ)2. Both the value
of f+(0) and its slope at the photon point, t = 0, are needed to extract |Vus| from the partial width,
dΓ(K+e3) = C(t)|Vus|2|f+(0)|2
[
1 + λ+
t
m2π
]2
, (100)
where C(t) is a known function and where QED radiative corrections (not shown here) must also be
included in order to determine |Vus| to the level of precision needed [231]. As can be seen, the slope of
f+(t) at the photon point is characterized by λ+.
Independent experimental determinations of λ+ have been obtained from studies of Kℓ3 decays [113].
The value of f+(0) requires theoretical input. A determination to O(p4) in χPT was carried out
in Refs. [232,233], while an estimate of the O(p6) terms was obtained using the quark model. The
uncertainty associated with the latter was estimated to be roughly 1%. More recent computations have
explicitly evaluated the O(p6) contributions [234,235]. While the one- and two-loop contributions can
be evaluated using the known low energy constants (LECs) through O(p4), the contributions from the
O(p6) LECs cannot be determined with sufficient precision from existing data. In particular, the O(p6)
contribution to f+(0) contains [235],
f
(6)
+ = −8
(m2π −m2K)2
F 4π
(Cr12 + C
r
34) + · · · , (101)
where the Cri , i = 12, 34, are two of the 94 O(p6) LECs.
Naive dimensional arguments, as well as those invoking resonance saturation of relevant pseudoscalar
form factors suggest that the impact of the Cri on the extracted value of |Vus| could be substantially larger
than the errors quoted for either the PDG value or the recent Brookhaven result. New measurements
of pion and kaon form factors, however, could reduce the uncertainty in |Vus| from the Cri to below one
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percent. As demonstrated in Ref. [235], a precise measurement of the pion scalar form factor would
allow a sufficiently precise determination of Cr12, while new determinations of λ0, the slope parameter
in the kaon scalar form factor, using Kµ3 decays, would provide a value for 2C
r
12+C
r
34. Together, these
experimental inputs would yield the combination, Cr12 + C
r
34, needed for f+(0).
Experimental work in this direction is underway at several facilities. Of particular interest are
kaon decay branching ratio measurements being performed by the KLOE experiment [236] at DAΦNE.
Preliminary results for the branching ratios of the KS,L → π−e+νe and KL → π−µ+νµ channels have
been reported in Ref. [236]. To the extent that isospin is a good symmetry, the form factors fK
0π−
+ (t)
and fK
+π0
+ (t) should be identical at t = 0. The isospin corrections have been computed in χPT to
O(p4) and found to be ∼ 2% [233]. A comparison of the product |Vus|fK0π−+ (0) for the preliminary
KLOE results of the three different neutral kaon branching ratios with the previously obtained PDG
world averages indicates good agreement. The results differ substantially, however, with the E865 result
for |Vus|fK+π0+ (0), which also differs from the previous world average for this quantity. The situation
may be clarified by future KLOE results for the K+e3 branching ratio as well as studies planned by the
NA48 [237] and KTeV [238] Collaborations. Given the present disagreement, as well as the theoretical
uncertainties associated with the O(p6) LECs, it is probably too soon to conclude that the disagreement
with CKM unitarity has been resolved by a new value of |Vus|.
Should the present unitarity disagreement persist, then one could draw interesting conclusions about
NP. In the context of gauge unification, a small degree of mixing between left- and right-handed gauge
bosons could restore the required unitarity. Because GβF from which Vud is derived parameterizes a
vector coupling of the W± to quarks, it is insensitive to the degree to which the boson is a mixture of
W±L and W
±
R . In contrast, G
β
F does depend on the chirality of the outgoing leptons. Because the effect
of a right-handed component to the neutrino is highly suppressed, the coupling of the lightest W± mass
eigenstate to the left-handed leptons will differ from the W±L coupling by an amount proportional to
the left-right mixing angle, ξ. Thus, the present unitarity disagreement would imply a non-zero value
for ξ at the 95% CL. Such a result would have implications for the interpretation of other precision
measurements, such as neutrinoless double β decay (see Section 5.6).
First row CKM unitarity has also important implications for SUSY. The results of a recent analysis
of MSSM radiative corrections to various CC observables [186] indicate that inclusion of these correc-
tions typically exacerbates the disagreement with the unitarity requirement when the SUSY breaking
parameters are chosen in accord with the most common models of SUSY breaking mediation. The
region of parameter space favored by weak decays, (g − 2)µ, the current values of MW , mt, and the
lightest Higgs mass along with theoretical considerations such as color neutrality of the vacuum implies
that the mass of the left-handed muon superpartner is heavier than that of the first generation scalar
quarks, in contrast to expectations based on gravity- and gauge-mediated SUSY breaking. Precision
CC data can accommodate SUSY radiative corrections under the assumptions of these models if the re-
quirement of RP conservation is relaxed [98,170,239]. This would not be attractive from the standpoint
of cosmology, since the RPV interactions that contribute to weak decays would also mediate the decay
of the χ0, ruling it out as a candidate for cold dark matter. A test of this scenario could be performed
through a comparison of PV electron scattering experiments [239,240].
4 Rare and Forbidden Processes
4.1 Electric Dipole Moments
Processes that violate CP and T have been an important arena of study for SM physics. Within the
SM, the CP violation observed in the decays of neutral kaons is accommodated by the presence of
the CP violating phase in the CKM matrix. Recently, experimental results from the NA48 [241] and
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KTeV [242] Collaborations have confirmed the SM prediction for the ratio of ǫ′/ǫ that expresses the
relative strength of direct CP violation in the decay amplitudes compared to that associated with K0-
K¯0 mixing. With a few possible expceptions under study, CP violation in the b quark system is also
in agreement with the SM. Thus, there appears to be little evidence at present for new sources of CP
violation in these channels.
Searches for CP and T violation in light quark and lepton systems have, to date, produced null
results. The most powerful probes of this type are searches for the permanent electric dipole moments
(EDMs) of leptons, neutrons, and neutral atoms. EDM searches are of interest for several reasons:
• The SM (CKM) predictions for the magnitudes of EDMs are suppressed, falling well below the
sensitivity of present and prospective measurements. Consequently, the observation of a non-zero
EDM could signal the presence of physics beyond the SM or CP violation in the SU(3)C sector
of the SM. The latter arises via a term in the Lagrangian [4],
Lstrong CP = θQCD αs
8π
GµνG˜
µν , (102)
where Gµν (G˜µν) is the (dual) SU(3)C field strength tensor.
• The observed predominance of matter over anti-matter in the universe — the so-called baryon
asymmetry of the universe (BAU) — conflicts with expectations based on the SM alone. In par-
ticular, the strength of CP violating effects needed to preserve the matter-antimatter asymmetry
during the evolution of the universe is suppressed in the SM by the Jarlskog invariant [243],
J = cos θ1 cos θ2 cos θ3 sin θ
2
1 sin θ2 sin θ3 sin δ, (103)
with the θi and δ being the angles in the CKM matrix, and by light quark masses, rendering a
BAU that is far smaller than observed13. On the other hand, candidate extensions of the SM
that could provide new CP violation of sufficient strength to accommodate the BAU could also
generate EDMs large enough to be seen experimentally.
The literature on EDMs is vast, so we make no attempt to provide an exhaustive review here (for recent
reviews, see Refs. [244–247]). Instead, we highlight the most important experimental developments and
theoretical issues for the field, and point the reader to other studies for more comprehensive reviews.
From our standpoint, three aspects of the EDM program merit emphasis:
• Recent experimental developments have put the field on the verge of a revolution. Experimental
searches for the electron, muon, neutron, and atomic EDMs are poised to improve experimental
sensitivity by factors of 100 to 10,000 during the next decade. This kind of across-the-board
improvement in precision by orders of magnitude has never before been seen in the field.
• The lepton, neutron, and atomic EDM searches provide complementary probes of new CP vi-
olation, as different candidate theories imply different signatures for the various moments. For
example, the observation of a non-zero neutron or atomic EDM in conjunction with a null result
for the electron EDM at a comparable level of sensitivity would point toward the interaction of
Eq. (102) as the likely source of CP violation. In contrast, a non-zero lepton EDM would be a
smoking gun for CP violation outside the SM, and a comparison with neutron and atomic studies
would be essential for identifying the particular scenario responsible.
13The SM also does not produce a sufficiently strong first order phase transition needed for the BAU.
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Table 9: Present and prospective EDM limits. Expectations based on SM (CKM) CP
violation are also shown.
System Present Limit (e-cm) Group Future Sensitivity Standard Model (CKM)
e− 1.6× 10−27 (90% CL) Berkeley < 10−38
e− Yale ∼ 10−29
e− LANL ∼ 10−30
µ 1.05× 10−18 (90% CL) CERN < 10−36
µ BNL ∼ 10−24
n 6.3× 10−26 (90% CL) ILL 1.5× 10−26 1.4× 10−33 → 1.6× 10−31
n PSI 7× 10−28
n LANL 2× 10−28
199Hg 2.1× 10−27 (95% CL) Seattle 5× 10−28 <∼ 10−33
225Ra Argonne 10−28
129Xe Princeton 10−31 <∼ 10
−34
D BNL ∼ 10−27
• The precise implications of EDM measurements for the CP violation needed for the BAU remains
an open theoretical problem. If, for example, CP violation arises in the lepton sector via mixing
of Majorana neutrinos (see Section 5.1), then it could produce a BAU via B − L conserving
interactions that both transform L violation into B violation and transmit the CP violating
effects into the baryon sector. Presumably, such processes occur at high scales associated with the
see-saw mechanism [248–250] (see Section 5.1) making them difficult to translate into precise, weak
scale computations as required for the study of EDMs. Even the more conventional EWB remains
subject to unquantified approximations and theoretical uncertainties, rendering the relationship
between the BAU and EDMs somewhat opaque.
In what follows, we review recent developments relevant to each of these points.
4.1.1 Experimental developments
Each EDM search relies on the same experimental signature of a non-zero EDM, namely, a small shift
in the Larmour precession frequency in the presence of an applied electric field,
h¯ω = −µ ~J · ~B − d ~J · ~E, (104)
where µ and d are the magnetic and electric dipole moments of the system of interest, ~J is its spin,
and ~B and ~E are the applied magnetic and electric fields. Under reversal of the direction of ~E, the
contribution from the EDM to the precession reverses sign, thereby allowing one to isolate the tiny EDM
induced shift from the much larger effect of the magnetic moment. The challenge for experimenters
is to apply electric fields with as large a magnitude as possible, thereby enhancing the sensitivity to
d, while minimizing various systematic effects, such as leakage currents, that can mimic the effect of
the d ~J · ~E interaction. In many cases, the quest for improved sensitivity is aided by various fortuitous
enhancement factors that can amplify one’s EDM sensitivity. The present experimental limits on the
EDMs of various particles are listed in Table 9.
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Electron
The most precise limit on the electron EDM, de, has been achieved by the Berkeley group with a
measurement of atomic Thallium [251]. The extraction of this limit from the atomic EDM relies on
an observation by Sandars [252] that the EDM of a paramagnetic atom, dA, induced by an electron
EDM can be substantially enhanced. For Tl, the enhancement factor is R = de/dA = −585 [253].
The experiment employed a pair of atomic beams traversing identical paths but experiencing applied
electric fields with the same magnitude and opposite sign. One beam consisted of sodium atoms that
served as a co-magnetometer used to identify and minimize systematic effects. Interchanging the paths
traversed by the Na and Tl beams would lead to a phase difference δEDM for the two Tl paths due to a
non-vanishing de, but no phase difference for the spin-0 Na beam. The absence of any phase difference
leads to a limit on |de|. Corrections were applied for residual, motional magnetic field and geometric
phase effects, and conservative upper bounds placed on leakage current, charging current, and dielectric
absorption. An applied field of strength 410 stat-volts/cm was used. From the calculated paramagnetic
enhancement factor R and the upper limit on the phase δEDM the Berkeley group obtained the 90% CL
limit given in Table 9.
Further improvements in |de| sensitivity are being pursued by two groups. The Yale group is employ-
ing a PbO molecule, for which near degeneracies of opposite parity molecular states enhance the electric
field experienced by molecular electrons by two or more orders of magnitude relative to the correspond-
ing enhancement in atoms [254,255]. The possibility for such enhancements in polar molecules was first
observed by Sandars [256] and subsequently applied to molecules such as PbO [257–260]. The Yale ex-
periment will rely on the a(1) states in PbO, where a degeneracy between states with electronic angular
momentum projection along the internuclear axis, ~Je · nˆ = ±1 is lifted by a Coriolis coupling between
Je and molecular rotational angular momentum. The splitting for this state is ∆ΩJ = 11.2(2) MHz.
The presence of a non-zero de in an applied electric field will lead to a shift in the M = ±1 projections
of the two a(1) states. The Yale group has recently demonstrated the feasibility of this technique by
studying Zeeman induced shifts in the M sub-levels and by observing the Stark shift in the J = 1
doublet in the presence of a small (| ~E| < 2 V/cm) applied field [255]. For a field of this magnitude,
the PbO measurement would be sensitive to an electron EDM at the scale of the current experimental
limit. The group anticipates that implementation of various experimental improvements will lead to an
EDM sensitivity of ∼ 10−29 e-cm in a month of running.
The Los Alamos group is pursing a de measurement using a solid state technique [261]. The basic
idea, originally developed by Shapiro [262], relies on changes in the magnetic flux Φµ in a macroscopic
solid state sample when the orientation of an external ~E is reversed. If the electrons in the solid have
a nonzero EDM, then the application of ~E will cause the electron spins to align, thereby inducing a
magnetic flux. Thus, by searching for changes in Φµ when the sign of ~E is reversed, probes for a non-
zero de. The Collaboration hopes to achieve a sensitivity of 10
−30 e-cm in ten days of integration using
Gadolinium Gallium Garnet polycrystalline material.
Muon
Although the present limits on dµ fall well below SM expectations, a measurement at the level of
10−24 e-cm may be feasible in a storage ring experiment [263]. Such an experiment would rely on a
g − 2 precession type set-up, but with an applied, radial electric field that would cancel the g − 2 in
plane precession. The precession frequency is given by,
~ω =
3
mµ

a ~B +
(
1
γ2 − 1 − a
)
~β × ~E
c
+
η
2
(
~Ec+ ~β × ~B
)
 , (105)
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where a is the muon anomalous magnetic moment and η is related to the muon EDM via,
dµ =
η
2
eh¯
2mµc
≈ 4.7× 10−11 e-cm. (106)
For the g−2 measurements, the muon energy is tuned to give the “magic” γ = 29.3 that eliminates the
second term in Eq. (105), leaving the precision entirely to a. The EDM measurement would use lower
energy muons and choose the value of the radial electric field ~E so as to cancel the first two terms. The
resulting precession would arise entirely from the third term and would cause the spin to tilt out of
plane. The degree of this tilt would be measured by exploiting the parity violation in the muon decay
and looking for a vertical asymmetry in the number of decay positrons.
Neutron
The first searches for the permanent EDM of a quantum system were carried out with neutrons in
the pioneering work of Purcell and Ramsey [264,265]. The sensitivity of the original experiment has
been steadily improved upon, culminating in the present limit of 6.3 × 10−26 e-cm achieved at ILL
using ultra-cold neutrons (UCNs) [266]. The ILL Collaboration achieved a density of 0.6 UCN/cm3.
The technique involved observing the shift in the Larmour precession when the direction of the applied
electric field was reversed relative to the static magnetic field. A Hg co-magnetometer was used to keep
track of magnetic field fluctuations. The Collaboration expects to improve this sensitivity by roughly a
factor of four by increasing the number of UCNs collected and stored [267].
Future, even more sensitive searches will be carried out by several groups. An experiment based at
LANSCE [268] will use a technique involving super cooling the neutrons by down-scattering in 4He and
observing the neutron spin precession relative to that of a dilute mixture of 3He that will also be present
in the cells. The relative alignment of the neutron and 3He spins will be measured by observing the spin
dependent neutron capture on 3He. The 3He will also serve as co-magnetometers. The Collaboration
hopes to achieve a density of 500 UCN/cm3. The initial goal of the experiment is a sensitivity of
9× 10−28 e-cm at LANL with a final target of better than 2× 10−28 e-cm to be reached at the SNS.
An experiment at PSI is being developed that will use a solid D2 source to produce a density of
1000 UCN/cm3 [269]. The technique involves employing two adjacent UCN cells in which the applied
electric fields have opposite orientation. Neighboring cells of cesium will serve as co-magnetometers.
The goal of the experiment is a sensitivity of 5× 10−28 e-cm.
Neutral Atoms
The most stringent limit on the permanent EDM of any quantum system has been achieved for the
199Hg atom by the Seattle group, |dA| < 2.1×10−27 e-cm [270]. The experiment relied on observing the
Zeeman precession frequency of the 199Hg nuclear spin ~I in the presence of magnetic and electric fields.
Two adjacent 199Hg cells were used. The orientation of the magnetic fields in the two cells was the
same, but that of the electric field was opposite. A comparison of the precession frequency in the two
cells provided a probe for the dA~I · ~E interaction. An improved version of this experiment is underway
that uses as magnetometers two additional cells that do not experience the applied ~E. A 100% CO
buffer gas will increase the Hg spin coherence time [160]. The Collaboration anticipates a factor of four
improvement over the current limit.
An alternate strategy being employed at Princeton will use liquid 129Xe [271]. The technique will rely
on long range dipole interactions that amplify magnetic field gradients. Such gradients would be induced
by an applied ~E that, in the presence of a non-zero atomic EDM, would lead to spatial gradients in the
associated shift in the precession frequency. Such frequency gradients, in turn, would induce magnetic
field gradients that get amplified in the 129Xe liquid, which serves as its own magnetometer. The
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Collaboration hopes to probe the 129Xe EDM with several orders of magnitude better precision than
obtained in the 199Hg experiment [272].
A group at Argonne is pursuing a measurement of the 225Ra EDM using optical trapping [273]. As
discussed in the next subsection one expects the EDM of 225Ra to be ∼ 400 times larger than that of
199Hg for a given source of CP violation in the nucleus. The optical trapping technique allows one both
to reduce systematic effects as well as apply large external electric fields. The Argonne group hopes
to achieve an EDM with sensitivity of ∼ 10−28 e-cm. Similar 225Ra searches are also being pursued at
KVI and TRIUMF. For a brief review of these efforts, see Ref. [274]
Deuteron
Recently, the possibility of measuring the deuteron EDM using a storage ring experiment similar to that
for the muon EDM experiment has received considerable attention [263]. Measuring dD presents several
experimental challenges not present in the case of the muon: the deuteron does not decay, so the out
of plane rotation of its spin must be detected via the scattering from protons or carbon; its anomalous
magnetic moment is two orders of magnitude larger than that of the muon; its spin coherence time
is of the order of 10 s; and the deuteron carries spin one, so that it can have both vector and tensor
polarizations. Efforts are underway to address these challenges, but initial estimates suggest that a
measurement with ∼ 10−27 e-cm may be feasible at existing or future storage rings [263].
4.1.2 Theoretical implications
The SM contains two sources of CP violation that can generate an EDM, the phase δ in the CKM matrix
and the gluonic operator in Eq. (102). The magnitude of theoretical EDM predictions derived from CKM
CP violation — listed in Table 9 — fall well below the present and prospective experimental bounds.
The CKM induced EDMs of leptons and quarks vanish to two-loop order and are thus suppressed [275–
277]. Naive dimensional analysis (NDA) leads to an estimate for the electron EDM,
de ∼ eαs(MW )G
2
FM
2
Wme
π5
J
mc
mt
ms
mb
∼ ×10−35 e-cm, (107)
where the presence of αs is due to gluonic corrections that appear at three-loop order. Scaling the NDA
estimate in Eq. (107) by mµ/me gives a conservative estimate for dµ of ∼ 10−33 e-cm. Smaller values,
also obtained from dimensional arguments, also appear in the literature [277] and are used in Table 9.
The corresponding predictions for the quark EDMs range from 10−31 to 10−33 e-cm [276]. The
valence quark contribution to the neutron EDM is given by,
dn =
1
3
(4 dd − du), (108)
so that one might expect the SM (CKM) contribution to the neutron EDM to be of the same order of
magnitude. Chiral corrections to Eq. (108) may lead to order of magnitude enhancements of dn. These
effects arise via pseudoscalar loops containing ∆S = 1 weak interactions at the meson-baryon vertices
that are singular in the chiral limit [278–280]. A calculation of such contributions contains significant
uncertainties, however, due to present limitations on carrying out first principles computations of the
weak baryon-pseudoscalar meson vertices. Typically, they rely on approximations of questionable va-
lidity, such as factorization and vacuum saturation. Moreover, the CKM induced EDM — which is
second order in the ∆S = 1 weak interaction — requires inclusion of intermediate states containing
strange hadrons. The convergence of the SU(3) chiral expansion for baryons is slow at best, and higher
order operators omitted from the computations of Refs. [278–280] may make significant contributions.
Nevertheless, these studies provide a rough guide to the possible magnitude of dn, so for illustrative
purposes, we quote the range from Ref. [280] in Table 9.
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Within the context of CKM CP violation, the EDMs of nuclei and atoms such as 199Hg are generated
primarily by T- and P-odd NN interactions, HˆP,TNN , in the nucleus. Early work in this regard has been
carried out in Refs. [281,282], where it was noted that a long range, P- and T-odd nuclear force due to
CKM CP violation could appear in the guise of kaon exchange between the two nucleons. The presence
of kaons is necessary because the CKM CP violating interaction in light quark systems must be second
order in the ∆S = 1 weak interaction. In this case, the P- and T-odd nuclear force takes on the form,
HˆP,TNN =
GF√
2
1
2mN
∑
ab
[
(ηab~σa − ηba~σb) · ~∇aδ(~ra − ~rb) + η′ab(~σa × ~σb) · {(~pa − ~pb), δ(~ra − ~rb)}
]
, (109)
where the sum is over the combinations, pp, nn, and np. Ref. [282] estimated the values of the ηab
to be of order 10−8. However, this estimate did not properly take into account the structure of chiral
symmetry and likely represents an overestimate of an order of magnitude or more [283].
A complication arises in relating HˆP,TNN to an atomic EDM. As first noted by Schiff [284], the effect
of an external electric field ~E on a point-like nucleus with an EDM would be entirely screened out
by the field created by distortions induced by ~E in the atomic electron cloud. Classically, this effect
can be understood by noting that there can be no net acceleration of a neutral atom in the presence
of ~E, so the acceleration that would be caused by the effect of ~E on the charged nucleus must be
canceled by a corresponding field created by re-arrangements of the atomic electrons. Corrections to
this “Schiff screening” arise from several sources, including finite nuclear size, modifications of the
magnetic electron-nucleus interaction due to ~E induced atomic orbital distortion, and higher P- and
T-odd nuclear moments, such as the magnetic quadrupole moment. In the case of 199Hg, only the first
two effects are relevant since the nuclear spin is I = 1/2. To date, most authors have concentrated on
the effects of finite nuclear size. The corresponding effect on the atomic EDM is driven by the so-called
Schiff moment, which may be thought of as an r2-weighted moment of a P- and T-odd component of the
nuclear charge density. Ref. [282] has provided a simple estimate of the 199Hg EDM and Schiff moment
(Q), using a simplified, schematic model for the nuclear wave-function,
dA(
199Hg) = −4× 10−17
(
Q
e fm3
)
e-cm, Q(199Hg) = −1.4× 10−8ηab e fm3. (110)
Using the revised estimate, ηab ∼ 10−9, a CKM induced EDM for mercury of a few ×10−34 e-cm is
expected, which is well below the current and prospective sensitivities.
Although the effect of CKM CP violation is unlikely to ever be observed in 199Hg, other atoms may
offer the possibility of enhanced EDM effects. As emphasized in Ref. [281], the effect of HˆP,TNN in certain
nuclei can be amplified by accidents in nuclear structure. The effect arises because the P- and T-odd
nuclear force mixes states of opposite parity, and for certain nuclei the ground state is part of a nearly-
degenerate parity doublet. The strength of wrong parity admixture into the ground state is enhanced by
the small energy splitting. Ref. [281] computed the corresponding enhancement factors in the context
of the gluonic CP violation of Eq. (102), but did not consider 199Hg. Moreover, the authors focused
exclusively on the enhancements of the nuclear EDMs, which are not directly observable in atomic
EDM experiments, rather than on the Schiff moments that are relevant in these cases. Nonetheless,
one naively expects enhancements of the Schiff moments in cases where the nuclear EDMs are also
amplified. For non-spherical nuclei the effect can be particularly pronounced, leading to enhancements
of two to three orders of magnitude.
Recently, the nuclear enhancements of the Schiff moment was analyzed for 225Rn [285] (see also
Refs. [286,287]), an octupole deformed nucleus whose atomic EDM measurement is being pursued by
the Argonne group. The analysis [285] reveals an enhancement of Q(225Rn) relative to Q(199Hg) by
a factor of several hundred, using the work of Ref. [288] on the latter for comparison. While such an
enhancement is unlikely to put CKM CP violation within reach of atomic EDM experiments, it may
help to provide added sensitivity to non-SM CP violation.
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One advantage of the deuteron EDM experiment [263] is that it would involve deuteron ions rather
than neutral atoms and, thus, evade the complications due to Schiff screening and provide a direct
measurement. Recently, Ref. [289] suggested that dD may be enhanced in the chiral limit. dD was
computed using a π exchange model for the P- and T-odd NN interaction leading to the result,
dD = −egAg1
3mπ
(
mN
Λχ
)
1 + ξ
(1 + 2ξ)2
≈ 2.5× 10−14g1 e-cm, (111)
where g1 gives the strength of the ∆I = 1, P- and T-odd pion-nucleon coupling,
LP,T∆I=1 = g1(p¯p+ n¯n)π0, (112)
and where ξ =
√
mNEB/mπ (EB is the deuteron binding energy). Thus, a measurement of dD at the
10−27 e-cm level would be sensitive to a g1 of O(10−13). A non-zero value for g1 in the SM — either
due to CKM CP violation or Lstrong CP — is suppressed, so it can be fairly sensitive to CP violation in
models for physics beyond the SM.
Given that the CKM induced EDMs of all systems under study are expected to be far smaller in
magnitude than present or prospective experimental sensitivities, the EDM measurements are primarily
searches for either strong CP violation or CP violation that goes beyond the SM. In order to derive
implications for the latter, one must, however, determine the level at which strong CP violation con-
tributes to any EDM. In this respect, a comparison of various experiments is essential. In particular,
both atomic and neutron EDMs are sensitive to θQCD, whereas the lepton and deuteron EDM sensitivity
to strong CP violation is highly suppressed. In the case of both dn and dA, the dominant effect of θQCD
arises via an induced, ∆I = 0, T- and P-odd πNN interaction,
LP,T∆I=0 = g0N¯~τ · ~πN, (113)
where the authors of Ref. [290] estimate,
g0 = −θQCD
[
(mΞ −mN)mumd
Fπ(mu +md)(2ms −mu −md)
]
≈ −0.4 θQCD.. (114)
The resulting neutron EDM is singular in the chiral limit,
dn =
gAg0
Λχπ
ln
Λχ
mπ
+ · · · , (115)
where the dots indicate subleading contributions. (For other related theoretical discussions, see, e.g.,
Ref. [291].) The corresponding dependence of the atomic EDM on θQCD does not have a simple analytic
expression, since it depends on a complex interplay of nuclear and atomic structure computations.
Nonetheless, the present limit on dA(
199Hg) leads to the most stringent bound on strong CP violation,
θQCD < 1.5× 10−10 (95% CL), (116)
while the present limit from the neutron EDM lead to a bound that is four times weaker.
Should a future more precise atomic or neutron EDM measurement yield a non-zero result, one
would not be able to determine if the source was θQCD or new CP violation without information from
the lepton or deuteron experiments. Should one of the latter also observe a non-zero EDM, one would
likely conclude that one had seen evidence for new CP violation. Similarly, should future atomic and
neutron EDM measurements with comparable sensitivities to θQCD obtain significantly different results
that could not be attributed to hadronic or nuclear structure uncertainties, one would also favor an
explanation in terms of CP violation beyond the SM.
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Although free from the effects of Lstrong CP, the lepton and deuteron EDM measurements by them-
selves would not be sufficient to distinguish among various scenarios for new CP violation, should any
of them find a non-zero result. However, the sensitivities of atomic and neutron EDMs to these scenar-
ios are sufficiently complementary to those of lepton EDMs that, taken together, the full set of EDM
studies provides a powerful diagnostic tool for new CP violation.
To illustrate, we consider the various EDMs in the context of the MSSM. In the case of the electron,
for example, one has [277],
de = −e α
4π
Mγ˜ sin 2θLR sin(φA − φγ˜)F (me˜i,Mγ˜), (117)
when the EDM is dominated by graphs involving selectron (e˜)-photino (γ˜) intermediate states. Here,
θLR is the angle describing the mixing of chiral electron eigenstates into mass eigenstates with masses,
me˜i; F is a calculable function of these masses and that of the photino, Mγ˜; and φA,γ˜ are CP violating
phases. φA is associated with tri-scalar couplings that arise in the soft SUSY breaking Lagrangian, while
φγ˜ appears in Majorana mass terms for the neutral gauginos. Note that de depends on the difference
of these phases. For superpartner masses of order the weak scale one has,
de ≈ −(1 × 10−25)
(
Mγ˜
100 GeV
)−3 ( |Ae|
100 GeV
)
sin(φA − φγ˜) e-cm. (118)
Thus, for sin(φA − φγ˜) of order unity, one would require Mγ˜ > 500 GeV (for |Ae| ∼ 100 GeV) in order
to evade the present limit. For significantly lighter gauginos one would need sin(φA − φγ˜) to be small.
Present collider limits on Mγ˜ are rather weak, so either possibility is currently allowed by experiment.
Even the light gaugino scenario does not imply the individual SUSY CP violating phases need be small,
but rather that the phase difference be so. Thus, even within the MSSM, a single EDM measurement
may not be sufficient to determine an individual CP phase.
Significantly more information may be obtained by comparing EDM experiments. As has been noted
by several authors, the EDMs of different systems display different sensitivities to the CP violating
phases in SUSY. A useful illustration of this complementarity occurs in the context of gravity mediated
SUSY breaking, in which one has two CP violating phases, φA and φµ associate with the µ-term (see
Section 1.4). This complementary phase dependence, along with the current constraints from de, dn, and
dA(
199Hg) is illustrated in Figure 5 (see also Ref. [292]). When taken together, the EDM experiments
imply that for light superpartners, φA and φµ individually — and not just |φA − φµ| — must be small.
This information provides important input for theorists who build models of SUSY breaking mediation,
who must explain why these SUSY phases are small.
An alternative and more esoteric illustration of the EDM complementarity arises in the case of
new interactions that violate T but conserve P. In the presence of parity violating SM EW radiative
corrections, these time-reversal violating, parity conserving (TVPC) interactions could give rise to EDMs
of various particles [293]. Since the only TVPC interactions one can write down are non-renormalizable,
their impact on EDMs in the presence of radiative corrections must be treated carefully in the context of
an effective field theory (EFT) [294,295]. As noted in Ref. [295], EDMs provide unambiguous constraints
on TVPC interactions only when one assumes that the scale at which P is broken is well below that of
the breakdown of T. Then the lepton and neutron EDMs are considerably more sensitive to these effects
than the EDMs of neutral atoms such as 199Hg [296]. Thus, were one to observe non-vanishing EDMs
in leptons and the neutron but not in neutral atoms, one might favor an explanation in terms of TVPC
interactions. This possibility contrasts with that of strong CP violation that allows for non-vanishing
neutron and atomic but not leptonic EDMs. SUSY would naturally imply non-vanishing EDMs for all
three systems at comparable levels.
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Figure 5: Constraints on CP violating supersymmetric phases from electron, neutron, and
199Hg EDM limits. They are shown assuming three different values of a common superpartner
mass and tan β = 3. (Figure provided by M. Pospelov.)
4.1.3 EDMs and the baryon asymmetry of the Universe
One of the strongest theoretical motivations for postulating the existence of CP violation beyond the
CKM and strong CP violation of the SM, is the need to account for the predominance of matter
over antimatter in the Universe. As observed by Sakharov in 1967 [297], if the initial conditions of
the Universe were exactly matter-antimatter symmetric, then during the subsequent evolution of the
Universe three discrete symmetries would have to be violated in order to explain the observed baryon
asymmetry: baryon number (B), charge conjugation, and CP. Assuming CPT is an exact symmetry,
these other symmetry violations also need to be accompanied by a departure from thermal equilibrium,
such as a first order phase transition. Many attempts to account for the BAU have focused on the EW
phase transition and the possibilities for new weak scale CP violation. Presently, a popular alternative
to such electroweak baryogenesis (EWB) involves CP violation in the lepton sector associated with
neutrino masses and mixing (leptogenesis). Typically, the latter CP violation is associated with very
42
high scales, as in see-saw models of neutrino mass [248–250] (see Section 5.1). The effects on EDMs
of leptonic CP violation are expected to fall well below those in the SM [298], so we focus here on the
connections between EDMs and EWB.
As noted above, the magnitude of CP violation in the SM is far too weak to account for the observed
BAU. Moreover, numerical studies indicate that the strength of the first order SM EW phase transition
is too weak to prevent subsequent wash out of sphaleron-induced baryon number creation. In contrast,
models that contain new sources of CP violation, such as SUSY or theories with a more elaborate Higgs
sector, appear to produce a sufficiently strong first order phase transition. Within the MSSM, the
window of opportunity for satisfying this requirement has narrowed, as one needs a fairly light Higgs
(see e.g. Ref. [299] and references therein). However, this requirement can be relaxed by extending the
MSSM gauge group. Thus, SUSY EWB remains a viable option for producing the BAU.
Several authors have attempted to compute the BAU in the MSSM using a bubble wall picture
of the phase transition (for a recent review and references, see Ref. [300]). In this scenario, a small
region of broken EW symmetry (the bubble) expands into the unbroken vacuum, and the B-, C-,
and CP violating processes needed for the BAU occur in the plasma at the interface between the
two phases (the bubble wall). Efforts to model this plasma region have typically relied on various
simplifying assumptions and approximations, and not all of the associated uncertainties have been
adequately quantified. Nevertheless, these studies provide some guidance as to the implications of
EDM measurements for EWB. For example, Ref. [301] finds for the ratio of baryon number density, ρB,
to the entropy, S, at photon freeze-out,
ρB
S
= −γwvw
(
κ
κ′
)
∆β [6.3 sinφµ + 0.23 sin(φA − φµ)]× 10−9, (119)
where γwvw is the velocity of the bubble wall, κ/κ
′ gives the ratio of weak and strong sphaleron rates,
and ∆β characterizes the change in tan β (see Section 1.4) across the plasma. The first term in Eq. (119)
arises from CP violating interactions between charginos and neutralinos and the spacetime dependent
Higgs VEVs while the second term is generated by Higgs VEV-scalar top quark interactions. In arriving
at this result, Ref. [301] assumed fairly light gaugino and squark masses. The relative weighting of
the two terms in Eq. (119) will differ under other assumptions for the MSSM parameters. From the
dominance of the first term and the experimental range of (4 − 7) × 10−11 for ρB/s, one infers [301]
| sinφµ| ≥ 0.025. The constraints from the EDMs shown in Figure 5 imply | sinφµ| <∼ 0.03, a limit that
is barely consistent with the requirements of the BAU. In order for the interactions involving squarks
to play an appreciable role in the BAU, | sin(φA−φµ)| must be considerably larger than allowed by the
EDM constraints. One might concludes that existing EDM measurements have severely constrained
the viability of supersymmetric EWB — even with unnaturally small CP violating phases — and that
future measurements will have an even more substantial impact on this scenario.
The extent to which theoretical uncertainties in the analysis leading to Eq. (119) and the EDM
limits of Figure 5 allow for the MSSM to evade these conclusions is a topic of on-going study. Ref. [302],
for example, has argued that memory effects in the plasma may significantly enhance the impact of CP
violating interactions, allowing for the production of the observed BAU with considerably smaller CP
violating phases. If these arguments survive further scrutiny, then the present EDM constraints would
not substantially limit the viability of EWB in the MSSM, while the impact of future, more precise
measurements would have to be analyzed in more detail.
4.2 Lepton Flavor Violation
The observation of neutrino oscillations has inspired renewed interest in the more general question of
lepton flavor non-conservation. Experimentally, the most powerful probes of lepton flavor violation
(LFV) involve decays of the muon, such as µ→ eγ, µ+A(Z,N)→ e+A(Z,N), or µ→ 3e. The most
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stringent limit on the process µ→ eγ has been obtained by the MEGA Collaboration [303],
B(µ→ eγ) ≡ Γ(µ
+ → e+γ)
Γ(µ+ → e+νν¯) < 1.2× 10
−11 (90% CL), (120)
while the SINDRUM Collaboration [304] has obtained a limit on the conversion branching ratio,
RAµ→e ≡
Γ[µ− + A(N,Z)→ e− + A(N,Z)]
Γ[µ− + A(Z,N)→ νµA(Z − 1, N + 1)] < 6.1× 10
−13 (90% CL), (121)
for conversion in Au. The SINDRUM experiment has also constrained the µ→ 3e branching ratio to be
less than 1× 10−12 (90% CL) [305], and the branching ratio for the lepton number violating conversion
process in µ− → e+ in Ti is < 3.6×10−11 (90% CL) [306]. A new experiment at PSI hopes to improve on
the MEGA sensitivity by three orders of magnitude [307], while the MECO experiment at Brookhaven
expects to achieve a four orders of magnitude improvement [308].
The more precise LFV searches are poised to probe NP above the EW scale. Although flavor oscilla-
tions among light neutrinos will induce LFV decays of charged leptons at some level, the corresponding
rates are typically suppressed by factors of (∆m2ν/M
2
W )
2 ∼ 10−50 and completely negligible. In contrast,
flavor violation involving heavy particles that are not part of the SM may generate effects that could
be seen by experiment. In this respect, two broad scenarios have been studied theoretically [309–318].
A commonly quoted model involves GUT scale LFV and supersymmetry. GUTs naturally provide a
link between flavor violation in the quark and lepton sectors [312,313]. In this context, LFV occurs at the
GUT scale via Yukawa couplings involving quark and lepton supermultiplets. The assignment of leptons
and quarks to the same representation of the unification group implies that the large Yukawa coupling
responsible for the top quark mass also appears in the LFV terms, thereby leading to unsuppressed
LFV couplings. At the weak scale, these can be related in a straightforward way to the CKM matrix
elements for the top quark, modulo RG evolution from the GUT scale to the weak scale. To avoid
GIM [319] suppression by the light neutrino mass differences or by inverse powers of the GUT scale,
the lepton flavor mixing effects must be realized in a sector associated with TeV (or lower) scales.
Supersymmetry provides a natural mechanism for doing so, as the GUT induced couplings between
quark and lepton supermultiplets can give rise to lepton flavor non-diagonal terms in the soft SUSY
breaking interactions. Superpartner loops that include insertions of the LFV operators can then generate
unsuppressed contributions to µ→ eγ, etc.
For example, in a SUSY SU(5) scenario one has [312],
B(µ→ eγ) = 2.4× 10−12
( |Vts|
(0.04)
|Vtd|
(0.01)
)2 (
100 GeV
mµ˜
)4
, (122)
where gaugino mass effects have been neglected for illustrative purposes. One expects RTiµ→e to be
smaller than B(µ → eγ) by a factor of about 2.4 α, since a virtual photon is exchanged between the
leptons and nucleus instead of a real photon being emitted. The O(α) suppression of RAµ→e relative to
B(µ → eγ) is a rather generic feature of GUT scale LFV. In both cases, the GUT expectation is at
least an order of magnitude below the current experimental bounds.
An alternate scenario involves the generation of LFV at the TeV scale [309,315]. This scenario can
also be realized in the MSSM, though it does not arise naturally from any conventional model of SUSY
breaking mediation. The latter generally entail flavor universality at the SUSY breaking scale, so that
some alternate mechanism for LFV, such as GUT scale lepton-quark unification or RPV [316] is needed.
In contrast, if a GUT breaks down in stages to the SM gauge group (1), then LFV Yukawa interactions
can involve particles with intermediate scale masses.
One may consider, e.g., a GUT that breaks down to the group SU(3)C×SU(2)L×SU(2)R×U(1)B−L
of left-right symmetric models. If the right-handed gauge symmetry is broken at a the TeV scale,
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interactions involving right-handed (Majorana) neutrinos, gauge bosons, and Higgs multiplets may give
rise to unsuppressed LFV. In contrast to the GUT scale LFV scenario, the presence of relatively light
Higgs multiplets may lead to a substantial enhancement of RAµ→e, making it comparable in magnitude
to B(µ → eγ) [317,318]. Specifically, one finds an enhancement by the square of a large logarithm
involving the SU(2)L × SU(2)R breaking scale and mµ [318], compensating for the O(α) suppression
of RAµ→e relative to B(µ → eγ). One therefore expects in this scenario the two LFV ratios to be of
comparable magnitude. Similar logarithmic enhancements may occur in RPV SUSY scenarios [316].
5 Lepton Properties
The observation of neutrino oscillations in atmospheric, solar, and reactor neutrino experiments has
provided the first incontrovertible evidence for physics beyond the SM. Although a thorough review
of neutrino phenomenology merits an entire article in itself (see, e.g., the recent review by McKeown
and Vogel [320] and references therein), no review of low energy weak interactions would be complete
without some discussion of neutrinos. Below, we provide a short summary of neutrino properties, with
an emphasis on experimental results. In brief, the picture that has emerged from experiment implies
substantial flavor mixing among the three lightest neutrinos, in contrast to the situation involving
quarks. Labeling the neutrino mass eigenstates as νi (i = 1, 2, 3) with masses mi, one finds tiny mass-
squared differences, |m23 − m22| ≈ 0.002 eV2 from atmospheric oscillations and |m22 − m21| ≈ 10−5 eV2
from solar neutrinos. The absolute scale of neutrino mass is not yet known, but upper bounds exist from
various β-decay studies (see below) as well as cosmological observations (
∑
imi < 0.7 eV for neutrinos
light enough to decouple while still relativistc [321]). A variety of neutrino properties remain to be
determined by additional experimental work:
• The charge conjugation properties of the neutrino, i.e., whether it is a Dirac or Majorana particle.
• The nature of the neutrino mass hierarchy, namely whether it is degenerate (|∆m2ij| ≪ m2j for all
i, j) or non-degenerate and whether it is “normal” (m21 < m
2
2 < m
2
3) or inverted.
• The size of the mixing angle θ13 and the CP violating Dirac phase δ, as well as the two CP
violating Majorana phases if neutrinos are Majorana particles.
In addition, the LSND experiment, which implies a much larger ∆m2 than obtained from either the
atmospheric or solar oscillation experiments, has raised the possibility that there exists either a fourth
generation of light neutrinos or of CPT violation among the three generations.
The origins of neutrino masses and mixing, as well as the properties of neutrinos with respect to
various discrete symmetries, have inspired a wealth of theoretical proposals for physics beyond the SM.
Since a review of these ideas goes beyond the scope of this article, we content ourselves with brief
statements about the simplest ones, along with a compilation of results from the various experiments.
5.1 Neutrino masses and mixing
In the minimal (without left-handed ν¯) renormalizable SM as described by Eq. (12) neutrinos are
predicted to be massless. In particular, Majorana mass terms [322] for the left-handed neutrinos,
LMajorana = −mM
2
ν¯Cν¯T , (123)
where C is the charge-conjugation matrix defined by CγµC
−1 = −γTµ , are forbidden by U(1)Y invariance
and not produced upon EW symmetry breaking. The simplest way to produce a term of the form (123)
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is to add a Higgs triplet [323] carrying one unit of hypercharge14. However, unless one has a minuscule
Yukawa coupling, one would expect15 mM = O(10 GeV). Note that the mass term (123) violates the
conservation of any additive quantum number that ν may carry, such as lepton number. This can lead
to neutrinoless double β decay as will be discussed in Subsection 5.6.
Alternatively, the introduction of a left-handed anti-neutrino, ν¯, would allow a Dirac mass term,
LDirac = −mDν¯ν, (124)
in complete analogy to Eqs. (10,11,12). Thus, ν and ν¯ combine to yield a Dirac neutrino with four
physically distinct degrees of freedom. As before, one generally expects mD = O(G−1/2F ). If there
is more than one Dirac neutrino one expects CKM mixing analogous to Eq. (14) [325]. Thus, while
lepton number is conserved in the Dirac case, lepton flavor number associated with a particular lepton
generation is not.
In the case of n Majorana neutrinos, mM becomes in general a (complex) symmetric n × n mass
matrix. Each neutrino spinor may absorb an unphysical phase, reducing mM to n
2 real observable
parameters, namely n mass eigenvalues, n(n−1)/2 mixing angles, and an equal number of CP violating
phases. A Dirac neutrino corresponds to the special case of a pair of Majorana neutrinos of equal mass
and maximal mixing from their weak interaction basis. A pure Majorana neutrino corresponds to no
mixing. In the most general situation, both types of mass terms may be present. Another special case
arises for n = 2 and mM ≪ mD, i.e., the diagonal (Majorana mass) entries are much smaller than
the off-diagonal (Dirac mass) term. This is called a pseudo-Dirac neutrino. On the other hand, if one
Majorana mass entry vanishes and the other one satisfies mM ≫ mD, one obtains eigenvalues of order
mM and m
2
D/mM , referred to as the see-saw mechanism [248–250]. Thus, if the see-saw mechanism is
realized in nature, very small neutrino masses would probe very high mass scales, mM . More generally
a fundamental theory beyond the SM will produce non-renormalizable terms in the Lagrangian carrying
coefficients of negative mass dimensions which are numerically suppressed by the NP scale and could
therefore naturally produce small neutrino masses. The simplest possibility is a dimension five term
involving two lepton doublets and two Higgs doublets [326].
Neutrino masses can reveal themselves by a variety of effects. The most important classes are
kinematic effects in decays, neutrino oscillations, and possible effects related to the now allowed magnetic
and electric dipole moments.
The most precise kinematic limits are obtained from two tritium β decay experiments [327,328].
Assuming there are no common uncertainties the can be combined yielding,
m2ν¯e(eff.) ≡
∑
i
|Uei|2m2νi = −2.5± 3.3 eV2, (125)
where U is the neutrino mixing matrix, and the sum is over all mass eigenvalues, mνi, that cannot
be resolved experimentally16. More than 77% of the range (125) is in the unphysical (spontaneously
Lorentz invariance breaking) region17 with m2νe(eff.) < 0. Normalizing the probability conditional on
m2νe(eff.) > 0 yields the 95% CL upper limit,
√
m2ν¯e(eff.) < 2.3 eV. (126)
14A Higgs singlet could also produce a Majorana mass term, but if it does it necessarily breaks U(1)EM.
15Triplet VEVs are severely constrained by EW precision data and can be at most of order 10 GeV [112]. Values
considerably smaller than that would require fine-tuning in the Higgs potential order by order in perturbation theory [324].
16See Ref. [329] for a discussion.
17There are several other tritium β decay experiments some of which yielding results which are incompatible with
m2νe(eff.) > 0. An event excess near the spectrum endpoint leading to an apparent m
2
νe
(eff.) < 0 is presently not
understood, but Refs. [327,328] apply corrections to obtain results that can be properly interpreted.
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The KATRIN Collaboration [330] at the Forschungszentrum in Karlsruhe, Germany, will attempt to
improve this limit in a next-generation tritium β decay experiment to the 0.35 eV level.
Limits analogous to (125) can also be obtained for νµ (from π
± decays) and for ντ (from τ
± decays).
However, these limits are many orders of magnitude weaker and relevant only to the extent to which the
positive results on neutrino mass differences from neutrino oscillations are circumvented. For a recent
review on absolute neutrino masses, see Ref. [331].
The weak interaction induces one-loop neutrino magnetic moments proportional to the neutrino
masses. However, given the limit (125) the SM contribution to the magnetic moment is many orders
of magnitude below current limits. Thus, the search for magnetic and (CP violating) electric dipole
moments of neutrinos provides tests of physics beyond the SM with massive neutrinos.
If for a given pair of weak eigenstate neutrinos, να and νβ , (i) one or both neutrinos are massive, (ii)
the mass eigenvalues are not identical, mνα 6= mνβ , and (iii) the mass eigenstates differ from the weak
interaction eigenstates by a mixing angle, θ, να = cos θν1 + sin θν2 (where cos θ 6= 1), one predicts the
phenomenon of neutrino oscillations [332–338]. For highly relativistic, mi ≪ Ei, and monochromatic
neutrinos one finds the probability for oscillations in vacuum,
P (να → νβ) = 1−| < να(0)|να(t) > |2 = sin2 2θ sin2
[
(m21 −m22)t
4E
]
≈ sin2 2θ sin2
[
1.267∆m2
L
E
]
, (127)
where the second form assumes that the masses are given in eV, the distance, L ≈ t, traveled from
production to detection in km, and the neutrino energies, E ≈ E1 ≈ E2, in GeV. It is assumed
that both L and E are fixed and known with negligible uncertainty. Otherwise, one has to take
appropriate averages. For example, one may have to correct for finite source or detector effects or
non-monochromaticity. In the limit of very large oscillations, P (να → νβ) → sin2(2θ)/2. Quantities of
the form P (να → νβ) are measured in what are called νβ appearance experiments, while P (να → να) is
the object of interest in να disappearance experiments.
This formalism is easily extended to multi-flavor oscillations, where the three standard neutrinos
(even if their masses are of Dirac type) will in general produce CP violation in the lepton sector. These
flavor oscillations are also called first class. If one wishes to introduce a fourth neutrino, this would
almost certainly be sterile (see Section 1.2), as the number of active neutrinos, Nν = 2.986 ± 0.007,
with mν ≪ MZ/2 is strongly constrained by LEP (see Section 1.3). Allowing mν >∼ MZ/2 to avoid this
would either require the introduction of a whole set of fermions (such as a fourth generation) to cancel
gauge anomalies which in turn (due to chiral non-decoupling effects) would clash with EW precision
data; or would require a vector-like pair of lepton doublets. In any case, the experimental hints and
signals to be discussed in the Subsections below, all involve very small ∆m2, so that the LEP bound on
active neutrinos holds. Oscillations of ordinary into sterile neutrinos [339], νs, are called second class.
To simplify the discussion and to facilitate the comparison between different experiments we will
always assume simple two-neutrino oscillation scenarios. We primarily summarize the experiments
yielding the most stringent limits [340].
5.2 Solar Neutrinos
Detectors observing solar neutrinos fall into two categories18. Radiochemical detectors (Cl or Ga) are
blind to any spectral or directional information, and time variation studies are limited by the extraction
periods of typically several weeks. But they have the great advantage of relatively low neutrino energy
thresholds set by the CC reactions,
νe +
37Cl→ e− + 37Ar, νe + 71Ga→ e− + 71Ge. (128)
18For a recent overview of solar neutrino experiments, see Refs. [341,342].
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Cˇherenkov detectors (light or heavy water) are only sensitive to the highest energy neutrinos, but are
real time experiments. In addition, energy and direction of the incident neutrino can be estimated, and
there is a NC component in the basic electron scattering (ES) process,
ν + e− → ν + e−. (129)
5.2.1 Rates
The experimental results of the capture rates in the radiochemical experiments and of the neutrino fluxes
in the Cˇherenkov detectors are compared to predictions based on the Standard Solar Model (SSM). We
use here the latest available results [343] (updated from Ref. [344]) which include the recent measure-
ment [345] of the low energy Beryllium-proton fusion cross section19 Experiments using Cˇherenkov
detectors quote results assuming no neutrino oscillations and an undistorted neutrino spectrum, where
the latter has been verified experimentally.
The Cl detector in the Homestake mine in South Dakota represented the first solar neutrino ex-
periment and also the one with the longest running time (1970-1994). The combined result of 108
extractions of solar induced 37Ar is [348] (1 SNU = 1 interaction per second and 1036 target atoms),
2.56± 0.16 (stat.)± 0.16 (syst.) SNU [SSM: 8.59+1.1−1.2 SNU]. (130)
Thus, the ratio of the observed to expected capture rates,
R (37Cl) = 0.298+0.049−0.046, (131)
corresponds to a deficit20 of 7.3 σ. The SSM also estimates that almost 79% of the neutrinos with
energies above the Cl threshold of 0.814 MeV originate from 8B disintegration, and more than 13%
from 7Be electron capture.
The deep underground SAGE experiment at the Baksan Neutrino Observatory in Russia was the
first Ga experiment to take data and is still on-going. The advantage of Ga over Cl is the lower neutrino
threshold of only 0.233 MeV allowing the detection of the dominant proton-proton fusion neutrinos (pp),
which contribute about 54% of the flux, with 7Be (26%) and 8B (11%) subleading. Recently, the SAGE
Collaboration presented results [349] of their first 12 years (92 runs) of observation from January 1990
through December 2001,
70.8+5.3−5.2 (stat.)
+3.7
−3.2 (syst.) SNU. (132)
A similar experiment with the GALLEX detector at the Gran Sasso Underground Laboratories collected
a total of 65 runs from May 1991 through January 1997. The GALLEX Collaboration found a capture
rate [350],
77.5± 6.2 (stat.)+4.3−4.7 (syst.) SNU, (133)
in agreement with SAGE. Subsequently, GALLEX was succeeded by GNO, an upgraded and improved
Ga experiment. The first published capture rate by the GNO Collaboration [351],
65.8+10.2− 9.6 (stat.)
+3.4
−3.6 (syst.) SNU, (134)
19The cross section quoted in Ref. [345] is larger (but consistent) and more precise than the one quoted in Ref. [346]
which was employed in Ref. [344]. This drives the SSM predictions for all fluxes and capture rates up. The most recent
result by the ISOLDE Collaboration [347] is slightly lower, of the same precision, and consistent within 1.1 σ when
compared to the one in Ref. [345] (which is, however, currently under revision [347]).
20The uncertainties are mainly fractional, so that it is more appropriate to assume an (asymmetric) log-normal rather
than a normal distribution. Note also that Gaussian error distributions are not well defined for positive-definite quantities
like capture rates or ratios thereof.
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is based on 19 runs between May 1998 and January 2000 and consistent with both SAGE and GALLEX.
The combined result of GALLEX and the first GNO period is [351],
74.1± 5.4 (stat.)+4.0−4.2 (syst.) SNU. (135)
Finally, we combine the results (132) and (135) by (conservatively) assuming the smaller systematic
uncertainty (SAGE) as common to SAGE and the Gran Sasso experiments. We obtain a total observed
Ga capture rate,
72.2+5.3−5.1 SNU [SSM: 130
+9
−7 SNU]. (136)
and for the ratio of the observed to expected capture rates,
R (71Ga) = 0.556+0.051−0.055, (137)
corresponding to a deficit20 of 6.4 σ. Thus, both types of radiochemical experiments see very large and
statistically significant deficits. Moreover, taking the ratio of the ratios (131) and (137) shows at the
3.2 σ level (or more, considering that the uncertainties from the SSM partly cancel in the double ratio)
that the deficits do not correspond to an overall reduction.
The Kamiokande water Cˇherenkov detector in the Kamioka mine in Japan studied solar neutrinos
via electron scattering (129) from January 1987 to February 1995. The recoil electron energy threshold
was chosen relatively high to avoid large backgrounds and varied between 7.0 and 9.3 MeV. This
implies sensitivity almost exclusively to the 8B neutrino flux, Φ(8B), including a few per mille neutrino
contribution from Helium-proton (hep) fusion21. The Kamiokande Collaboration found the flux [352],
Φ(8B) = 2.80± 0.19 (stat.)± 0.33 (syst.)× 106cm−2s−1. (138)
Subsequently, the Kamiokande detector was succeeded by the Super-Kamiokande upgrade including
an increase in fiducial volume by a factor of 33. The first phase (Super-Kamiokande-I [353]) had an
electron energy threshold of 5 MeV and took place from May 1996 through July 2001. It resulted in a
flux measurement [354],
Φ(8B) = 2.35± 0.02 (stat.)± 0.08 (syst.) × 106cm−2s−1 (139)
which is consistent with the flux (138).
SNO is a heavy water Cˇherenkov detector in the Creighton mine in Ontario, Canada. During the
first phase of the experiment, from November 1999 to May 2001, only D2O was present in the detector.
In the final analysis of the completed first phase an electron energy threshold identical to that of
Super-Kamiokande was chosen. The SNO Collaboration reported [355] a 8B flux based on electron
scattering (129),
Φ(8B) = 2.39+0.24−0.23 (stat.)± 0.12 (syst.) × 106cm−2s−1, (140)
which is in good agreement with the Kamioka experiments. The different energy threshold22 at
Kamiokande and the different liquid at SNO should imply negligible common systematics among the
three experiments. Assuming this, we find the combined 8B flux from electron scattering,
Φ(8B;ES) = 2.37± 0.08× 106cm−2s−1 [SSM: 5.93+0.83−0.89 × 106cm−2s−1], (141)
and for the ratio of the observed to expected 8B fluxes,
R (8B;ES) = 0.400+0.061−0.057, (142)
21We will ignore hep neutrinos in the following as they have not been treated identically in the various papers.
22The different electron energy threshold may also have a small effect (which we ignore) on the NC contribution to the
electron scattering cross section.
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again showing a 6.0 σ deficit20. Unique to SNO is the ability to study CC and NC deuterium breakup,
νe + d→ e− + p+ p, ν + d→ ν + p+ n, (143)
which in its first phase resulted, respectively, in flux measurements,
Φ(8B;CC) = 1.76+0.06−0.05 (stat.)± 0.09 (syst.)× 106cm−2s−1, (144)
Φ(8B;NC) = 5.09+0.44−0.43 (stat.)
+0.46
−0.43 (syst.) × 106cm−2s−1,
and in ratios of observed to expected 8B fluxes,
R (8B;CC) = 0.297+0.048−0.045, R (
8B;NC) = 0.86+0.17−0.16. (145)
The CC ratio which shows another 7.5 σ deficit is virtually identical to R (37Cl) implying that 7Be
and 8B neutrino depletions are approximately equal. In contrast, the NC ratio is consistent with SSM
expectations. After completion of the first phase of SNO, NaCl was added to the detector which
enhances the capture efficiency of the NC neutrons drastically. The third phase (scheduled for summer
of 2003) will be characterized by the addition of 3He proportional counter tubes as an alternative way
to increase the NC efficiency.
Thus, there are not only statistically convincing neutrino deficits in all three CC channels (37Cl,
71Ga, and 8B), but there is also strong evidence (at the >∼ 4 σ CL) that the low energy (mainly pp)
neutrinos are suppressed less than 7Be or 8B neutrinos. On the other hand, R (8B;NC) is consistent
with SSM expectations implying that the solar neutrino flux is dominated by active neutrinos. There
is redundancy in the data since Φ(8B;ES) can be expressed in terms of Φ(8B;CC) and Φ(8B;NC),
Φ(8B;ES) = (1− ǫ)Φ(8B;CC) + ǫΦ(8B;NC), (146)
where 1/ǫ = 6.48 is the ratio of theoretical cross sections for νe relative to the sum of νµ and ντ .
The ratios (145) then imply, Φ(8B;ES) = 2.27+0.13−0.12 × 106cm−2s−1, in perfect agreement with the
measurement (141). Thus, flux measurements of solar neutrinos provide very strong evidence for
(νe → νµ, ντ ) flavor oscillations with any component of oscillations into νs strongly constrained. The
Super-Kamiokande Collaboration also sets limits [356] on conversions into ν¯e.
Note that with the crucial SNO result, Φ(8B;NC) ≫ Φ(8B;CC), relation (146) fully explains the
observation, R (8B;ES) > R (37Cl). Due to (i) a downward shift in R (8B;ES) (Super-Kamiokande
and SNO relative to Kamiokande); (ii) an upward shift in R (37Cl) (final relative to preliminary Home-
stake results); and (iii) an upward shift in the Beryllium-proton cross section17 (Ref. [345] relative to
Ref. [346]), the current data do not favor strongest depletion for 7Be neutrinos (or even a vanishing 7Be
flux at the best fit [357–361]) as used to be the case in the past. A new experiment, BOREXINO [362],
with the capability to settle the question of the 7Be flux, is currently under construction at Gran Sasso.
It is a (real time) liquid scintillator detector and with a threshold energy of only 250 keV, it combines
the advantages of the radiochemical and Cˇherenkov type detectors. Completion of the construction
phase is expected in 2003 (a counting test facility is already in operation).
5.2.2 Time variations and spectral distortions
Signal variations on various time scales can give additional hints as to what the origin of the solar
neutrino deficit might be. The Homestake, Kamiokande, and SAGE experiments took data over time
spans of the order of solar cycles. With the exception of a small and controversial hint at an anti-
correlation of the capture rate in some of Homestake’s preliminary results, there is no evidence for a
solar neutrino flux correlation with sun spot activity.
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Super-Kamiokande finds a seasonal rate variation at the 2.5 σ CL, consistent with the expectation
from the distance variation between the sun and the Earth.
Neither Kamiokande nor Super-Kamiokande reported a significant day-night electron scattering cross
section asymmetry. For example, Super-Kamiokande quotes,
ADN(ES) ≡ 2σD − σN
σD + σN
= −0.021± 0.020 (stat.)+0.013−0.012 (syst.). (147)
On the other hand, SNO finds (at the 2.2 σ CL) a stronger night time CC cross section [363],
ADN(ES) = 0.174± 0.195 (stat.)+0.022−0.024 (syst.),
ADN(CC) = −0.140± 0.063 (stat.)+0.014−0.015 (syst.),
ADN(NC) = 0.204± 0.169 (stat.)+0.025−0.024 (syst.).
(148)
As is the case for the rates, there is also redundancy in the asymmetry measurements,
ADN(ES) =
ADN(CC)
1 + ǫR (
8B;NC)
(1−ǫ)R (8B;CC)
+
ADN(NC)
1 + (1−ǫ)R (
8B;CC)
ǫR (8B;NC)
. (149)
From the measurements (145) we find independently of the solar model, R (8B;CC)/R (8B;NC) =
0.346+0.046−0.048, and with that from Eq. (149) the central value, ADN(ES) = −0.021, in agreement with the
result (147) and the first result (148), but the uncertainties are large and strongly anti-correlated [363]
between ADN(CC) and ADN(NC). If one assumes that flavor oscillations into active neutrinos saturate
the solar flux, R (8B;NC) = 1 and ADN(NC) = 0, then there is only one independent asymmetry and
with these constraints SNO finds [363],
ADN(CC) = −0.070± 0.049 (stat.)+0.012−0.013 (syst.). (150)
This agrees with the Super-Kamiokande result obtained from (147) and Eq. (149),
ADN(CC) = −0.032± 0.031 (stat.)+0.020−0.018 (syst.), (151)
and can be combined with the SNO result to give,
ADN(CC) = −0.045+0.030−0.029, (152)
which is non-vanishing at the 1.5 σ CL.
Super-Kamiokande and SNO have enough statistics to divide their data simultaneously into energy
and zenith angle (day-night in the case of SNO) bins. The observed energy dependence is in both cases
consistent with SSM expectations.
5.2.3 The large mixing angle MSW solution to the solar neutrino problem
In the past, there have been several solutions of the solar neutrino deficit problem in terms of neutrino
oscillations depending on the mass splitting, ∆m2⊙, and the mixing angle, θ⊙. The quality of the
best fit within each solution has varied significantly over time. All but one of these solutions are by
now highly disfavored. For example, the absence of spectral distortions as mentioned in the previous
paragraph rules out any solution at small mixing [353] independently of solar model flux predictions.
The same conclusion applies [353] to the vacuum oscillation solution characterized by very small mass
splittings. Some other parameter regions predict large day-night variations (by matter effects in the
Earth) contradicting observations still independent of any solar model. The predictions of the SSM enter
only at the level of rate comparisons which strongly favor a solution proposed by Mikheev, Smirnov [364],
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Figure 6: The allowed parameter space (from Ref. [374]) at 90%, 95%, 99%, and 99.73% CL
in the tan2 θ⊙-∆m
2
⊙ plane. Note that without loss of generality one can take ∆m
2
⊙ non-
negative. θ⊙ is then defined in the interval [0, π/2]. θ⊙ > π/4 is allowed by the KamLAND
reactor neutrinos since Eq. (127) (valid in vacuum) is symmetric under θ → π/2 − θ, but
θ⊙ < π/4 is selected by the requirement to have an MSW resonance effect.
and Wolfenstein [365] (MSW). MSW type solutions invoke a resonant enhancement (for θ⊙ > π/4 one
predicts a reduction) of flavor oscillations by matter effects in the sun and can occur for a variety of
parameters. But only the MSW solution with a large mixing angle and relatively large ∆m2⊙ gives a good
description of all data. Moreover, this solution has been confirmed by the KamLAND reactor experiment
as discussed in Section 5.5. Combining the KamLAND and all solar neutrino experiments [366–374]
splits the large angle MSW solution region into two parts18 as shown in Figure 6.
Since the MSW effect is based on neutrino interactions in the sun it can also (in parts of parameter
space) distinguish between oscillations into active vs. sterile neutrinos. The large mixing angle solution
fits the data only for oscillations dominantly into active neutrinos, in perfect agreement with the NC
cross section seen by SNO.
18After this Section had been completed, the NaCl phase data of SNO [375] (see Section 5.2.1) and some new results by
the SAGE and GNO Collaborations appeared. These are included in Figure 6, and have the effect of almost eliminating
the upper part of the allowed region which now appears only at the 99.73% CL.
52
5.3 Atmospheric Neutrinos
Cosmic rays hitting the upper atmosphere of the Earth produce a rich source of neutrinos with variation
in flavor (primarily νe, ν¯e, νµ, and ν¯µ), energy (experiments probe the range from O(100 MeV) to
O(100 GeV), and distance (depending on the zenith angle L ranges from O(10 km) to the Earth radius
of about 13,000 km). Neutrinos with energies of no more than a few GeV produce events that are
fully contained (FC) in the detectors. Muons produced by neutrinos outside the detector can also be
studied if they are energetic enough to enter the detector and if they are going up so that they can be
distinguished from cosmic ray muons. If such muons have energies of O(10 GeV) they are likely to stop
within the detector and are referred to as partially contained (PC). If they have energies even larger
than this they go through the detector.
5.3.1 Rates
The Kamiokande-II Collaboration was the first to observe [376] that the ratio19, Rµe, of muon neutrinos,
νµ or ν¯µ, to electron neutrinos, νe or ν¯e, is smaller than the expected value of Rµe ≈ 2. Kamiokande
determines [377] the double ratio of observed to expected events (which from now on we will take as
the definition of Rµe),
Rµe = 0.60
+0.06
−0.05 (stat.)± 0.05 (syst.), Rµe = 0.57+0.08−0.07 (stat.)± 0.07 (syst.), (153)
where the first (second) value is for νs with an average energy in the sub-GeV (multi-GeV) region.
These correspond to 3.9 σ and 2.3 σ deficits, respectively. A similar deficit was seen [378] with the
IMB-3 Cˇherenkov detector in the Morton salt mine in Ohio, but it was not observed [379] with iron
calorimeters such as the detector in the Frejus Underground Laboratory close to the French-Italian
border. On the other hand, the 3.3 times larger Super-Kamiokande detector confirmed [380,381] the
results (153),
Rµe = 0.61± 0.03 (stat.)± 0.05 (syst.), Rµe = 0.66± 0.06 (stat.)± 0.08 (syst.). (154)
Subsequently, the Soudan-2 Collaboration in the Tower-Soudan Iron Mine in Minnesota reported [382]
the precise measurement for sub-GeV neutrinos,
Rµe = 0.64± 0.11 (stat.)± 0.06 (syst.). (155)
This is only a 2.3 σ effect but it is in perfect agreement with (153) and (154) and the first time that an
iron calorimeter confirmed the atmospheric neutrino deficit seen with water Cˇherenkov detectors.
We combine the results (153), (154), and (155) assuming that the smaller systematic uncertainty
between Kamiokande and Super-Kamiokande is common to both, and that Soudan-2 is uncorrelated
with the water Cˇherenkov results. The results,
Rµe = 0.614
+0.052
−0.051, Rµe = 0.63± 0.09, (156)
correspond to 5.8 σ and 3.2 σ deficits, respectively.
5.3.2 Zenith angle and spectral distributions
Super-Kamiokande [381] also formed the ratio of the number of upward to downward µ-like events,
R↑↓ = 0.52+0.07−0.06 (stat.)± 0.01 (syst.) [expected: 0.98± 0.03 (stat.)± 0.02 (syst.)]. (157)
19There are also several experiments quoting observed to expected νµ flux ratios, but the uncertainty from the flux
prediction is much larger than in Rµe. Nevertheless, most of these experiments are consistent with the atmospheric
neutrino deficit.
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This means a 4.5 σ effect in a ratio that is independent of the overall flux prediction, while the analogous
ratio for e-like events was consistent with unity. The significance in both ratios, Rµe and R
↑↓, increased
further and in Ref. [383] Super-Kamiokande provided detailed distributions of the event rates vs. zenith
angle and L/Eν , demonstrating an excellent fit for two-flavor oscillations into ντ or νs with sin
2 2θ > 0.82
and 0.0005 eV2 < ∆m2 < 0.006 eV2 at 90% CL. Agreement of the e-like data with expectations
disfavored oscillations into νe in agreement with the exclusion regions established by reactor experiments
as discussed in Section 5.5. Furthermore, a study of upward through-going muons of minimum energy
1.6 GeV by Super-Kamiokande found that the absolute flux is in agreement with the prediction [384]
while the zenith angle dependence does not agree with no-oscillation predictions. Rather, the observed
distortion suggested νµ → ντ or νµ → νs oscillations and so did the double ratio of observed to expected
PC neutrinos relative to through-going ones [385],
0.22± 0.02 (stat.)± 0.01 (syst.) [expected: 0.37+0.05−0.04 (theo.)], (158)
which revealed another 3.5 σ deficit. A simultaneous fit to zenith angle distributions of upward stopping
and through-going muons yielded, sin2 2θ > 0.7 and 0.0015 eV2 < ∆m2 < 0.015 eV2 at 90% CL in
agreement with the FC sample. Finally, the difference in zenith angle distribution due to NCs and
matter effects rejected the hypothesis of oscillations into sterile neutrinos at the 99% CL, while νµ → ντ
oscillations are sufficient to explain all results [386].
The MACRO detector at Gran Sasso confirmed [387] the preference for νµ → ντ oscillations of
atmospheric neutrinos using their through-going muon sample. They also studied [388] the spectral
and angular dependence of through-going muons, and provide a measurement of the ratio of vertical
(cos θ ≤ −0.7) to horizontal (cos θ ≤ −0.7) events,
1.48± 0.13 [expected: 2.20± 0.17] (159)
which differs by 3.4 σ from the no-oscillation hypothesis while it is in reasonable agreement with the
oscillation prediction, 1.70± 0.14.
The latest piece of evidence for atmospheric neutrino oscillations came from the K2K accelerator
neutrino experiments as discussed in Section 5.4. Ref. [389] presents a simultaneous analysis of the
Super-Kamiokande and K2K results and quote,
sin2 2θ = 1.00+0.00−0.05, ∆m
2 = 0.0026± 0.0004 eV2. (160)
5.4 Accelerator Neutrinos
As can be seen from Eq. (127), an ideal experiment searching for two-neutrino oscillations is character-
ized by only two parameters, P (να → νβ) and L/E. The oscillation probability for a realistic experiment
in which there is some uncertainty or variation in P , L, and/or E can be much more complicated (and
may be based on an event-by-event likelihood), but the resulting limits are often still characterized by
only two parameters although these may not describe every detail of an exclusion region [390]. This is
frequently the case for accelerator and reactor neutrino experiments with known neutrino fluxes, and
with a single detector whose size is small compared to L. In such cases P (να → νβ) and L/E (or
effective definitions thereof) translate into a lower limit on sin2 2θ at large ∆m2 independent of L/E,
and a lower limit on ∆m2 at maximal mixing, sin2 2θ = 1.
The KARMEN Collaboration searched for neutrino oscillations at the ISIS Neutron Spallation Source
at the Rutherford Appleton Laboratory in England studying µ+ decays at rest. Their oscillation length
was L = 17.6 m, and the neutrino energy at their kinematic endpoint was E = 52.8 MeV. In the
ν¯µ → ν¯e appearance mode, studied in inverse β decay, ν¯ep → e+n, 15 candidate reactions were seen
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with the KARMEN 2 detector (operating from February 1997 through March 2000) which is consistent
with 15.8± 0.5 expected background events. The Collaboration sets the 90% CL limits [391],
sin2 2θ < 0.0017 (∆m2 > 100 eV2),
∆m2 < 0.055 eV2 (sin2 2θ = 1).
(161)
This excludes most of the parameter space to which the LSND Collaboration at the Los Alamos Neutron
Science Center had access to in a similar experiment, but with L dominantly at 110 m and 135 m
(1993-1995) and at L = 30 m (1996-1998). In contrast to KARMEN, LSND reports [392] a signal of
87.9± 22.4± 6.0 inverse β decay events above the expected background. This excess corresponds to an
oscillation probability of P = 0.264± 0.067± 0.045 (a 3.3 σ effect), and a best fit occurring at,
sin2 2θ = 0.003, ∆m2 = 1.2 eV2. (162)
This is excluded by the limits (161), but its larger values of L extends the sensitivity of LSND to slightly
smaller values of ∆m2 so that the findings of the two groups do not necessarily conflict. The BooNE
Collaboration [393] at FNAL is able to test the LSND result in both the νµ → νe appearance and the
νµ disappearance modes. Data taking of the single detector version of the experiment, MiniBooNE,
commenced in August 2002. If a positive signal is seen, the experiment will be upgraded by a second
detector at a distance optimized for a precision determination of oscillation parameters and searches
for CP and CPT violation20 in the lepton sector.
The results of the reactor disappearance experiments discussed in Subsection 5.5 can be used as
constraints on νe → ντ oscillations. In addition, there were two ντ appearance experiments, CHO-
RUS [396] and NOMAD [397], at the SPS accelerator at CERN operating from 1994 through 1997.
The 450 GeV protons of the SPS were aimed at a Beryllium target located 850 m (940 m) from the
CHORUS (NOMAD) detector. The average values of L for the two experiments were a few hundred
meters shorter than this. The average neutrino energy of the almost pure νµ wide-band beam was
E ≈ 25 GeV. Due to the relatively small L/E, these experiments were only sensitive to larger ∆m2,
but the small νe component of the beam was sufficient to achieve stronger limits on νe − ντ mixing at
large mass splittings than the reactor experiments discussed in Subsection 5.5,
sin2 2θ < 0.052 (CHORUS at large ∆m2),
sin2 2θ < 0.015 (NOMAD at large ∆m2).
(163)
The primary physics goal of CHORUS and NOMAD, however, were studies of νµ → ντ oscillations.
CHORUS set limits,
sin2 2θ < 0.00068 (large ∆m2),
∆m2 < 0.6 eV2 (sin2 2θ = 1),
(164)
while NOMAD finds,
sin2 2θ < 0.00033 (large ∆m2),
∆m2 < 0.7 eV2 (sin2 2θ = 1).
(165)
These limits are complemented at large mixing by an older (1983) νµ disappearance experiment [398]
at the PS accelerator at CERN. The Collaboration (which continued later as CDHSW Collaboration)
took data at distances, L = 130 m and 885 m from the target and excluded,
0.23 eV2 < ∆m2 < 100 eV2 (sin2 2θ = 1). (166)
20If the LSND signal can be confirmed, the most likely interpretation of it will not be in terms of a forth neutrino but
rather in terms of a more fundamental type of NP such as CPT violation [394] since any additional neutrino is strongly
constrained [395] by big bang nucleosynthesis. This is true even for sterile neutrinos as long as there is appreciable mixing
with active neutrinos as would apply to LSND.
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Thus, the lower limit was not superseded by the corresponding ones from CHORUS and NOMAD.
It is a limit of considerable interest since the atmospheric neutrino analysis of the Super-Kamiokande
Collaboration implies large νµ − ντ mixing. However, even the limit (166) is still about two orders of
magnitude above the ∆m2 values preferred by Super-Kamiokande.
An accelerator neutrino disappearance experiment, K2K, with a long enough (L = 250 km) baseline
to test atmospheric neutrino oscillations has been designed using a 12 GeV proton beam from the KEK
proton synchrotron. The produced neutrino beam consists to 98% of νµ with an average energy of 1.3
GeV. The νµ beam is monitored by a near detector 300 m from the target. Located at the far end is the
Super-Kamiokande detector. A reduction of the νµ flux (56 events were observed and 80.1
+6.2
−5.4 expected)
together with a distortion of the energy spectrum indicate neutrino oscillations [399] at the 99% CL. The
oscillation parameters are in perfect agreement with the results implied by the atmospheric neutrinos.
A similar νµ disappearance experiment, MINOS [400], is planned using the NuMI beam currently
under construction at FNAL. NuMI will be produced with the 120 GeV proton beam of the Main
Injector striking a movable carbon target which will allow a variation in the average neutrino energy
between about 3 and 15 GeV. The 731 km baseline will pass through a near detector at FNAL and a
similar detector in the Soudan mine. MINOS will provide large statistics and controlled systematics
enabling the Collaboration to address the atmospheric neutrino oscillation hypothesis in both CC and
NC channels. Limits (or measurements) on νµ → νe and νµ → νs oscillations are also physics goals.
Two experiments at Gran Sasso [401], Opera and Icarus, plan to prove the νµ → ντ oscillation
hypothesis by directly detecting the ντ . They will have virtually identical baselines compared to MINOS
(L = 732 km) and will be using the future CERN high energy νµ beam, CNGS. In addition, they will
also be able to test a possible subleading νµ → νe transition in νe appearance mode. Completion of
CNGS and begin of data taking is scheduled for 2006.
5.5 Reactor Neutrinos
Neutrinos produced at nuclear power plants have been studied in ν¯e disappearance experiments. The
reaction in which ν¯e oscillate into ν¯µ is the CP conjugate relative to the KARMEN and LSND accelerator
experiments discussed in Subsection 5.4 and are therefore complementary. The reactor experiments in
France and Arizona are short-baseline experiments, while KamLAND with two orders of magnitude
longer baselines is motivated by and sensitive to the oscillation parameters suggested by the LMA
solution to the solar neutrino problem.
A high statistics measurement [402] of neutrino energy spectra was carried out at L = 15, 40 and
95 m from the Bugey reactor in France. No oscillations were reported, and the limits,
sin2 2θ < 0.02 (large ∆m2),
∆m2 < 0.01 eV2 (sin2 2θ = 1),
(167)
could be set, limiting the unexcluded LSND parameter space to small mixing.
In comparison to the Bugey experiment, the Chooz and Palo Verde experiments had sensitivity to
smaller ∆m2 but not as small mixing. The experiment near Chooz in France studied neutrinos with
E ∼ 3 MeV that originated from two reactors about 1 km away. The 200 day exposure included
substantial periods with only one or the other reactor operating, in addition to about 143 days of
background studies with both reactors turned off. The results [403],
sin2 2θ < 0.10 (large ∆m2),
∆m2 < 0.0007 eV2 (sin2 2θ = 1),
(168)
excluded ∆m2 values at large mixing almost down to the LMA solution of the solar neutrino problem.
The Collaboration also presented results of lower sensitivity (due to statistical limitations) but inde-
pendent of the absolute normalization of the ν¯e flux, the cross section, the number of target protons,
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and detector efficiencies. They were based only on the comparison of the positron spectra from the two
nuclear reactors located at different distances, ∆L = 116.7 m.
An experiment [404] with similar reach took data between September 1998 and July 2000 near the
Palo Verde Nuclear Generating Station in Arizona. A detector was exposed to the reactor for 350 days
at distances L = 750 and 890 m. This included 108 days with one of the three reactors turned off,
which could be used for additional background studies. Non-observation of neutrino oscillations in the
ν¯e disappearance mode resulted in the 90% CL limits,
sin2 2θ < 0.17 (large ∆m2),
∆m2 < 0.0011 eV2 (sin2 2θ = 1).
(169)
None of the limits of these three reactor experiments probes values of ∆m2 small enough to address
the solar neutrino problem. For this one needs to extend the baseline, L, by about two orders of
magnitude. This is the purpose of KamLAND, the largest low energy anti-neutrino detector, located
in the Kamioka mine. The ν¯e flux contains energies up to about 3.5 MeV and originates from a variety
of reactors with an average L ≈ 180 km. The dominant fraction of 79% of the flux is produced by
reactors with distances between 138 and 214 km from KamLAND. 6.7% of the flux is due to a reactor
at L = 88 km, with the rest traveling L ≥ 295 km. Very recently, the KamLAND Collaboration
presented results of their first 145.1 days of data taking. The number of observed neutrinos (reduced
by the expected background) divided by the number of expected signal events assuming no oscillations
is quoted as [405],
Nobs
Nexpected
= 0.611± 0.085 (stat.)± 0.041 (syst.). (170)
This is a 4.1 σ deficit, strongly suggestive of ν¯e disappearance, and therefore the first reactor indication
for neutrino oscillations. Moreover, the KamLAND Collaboration used spectral shape information to
perform a fit to two-neutrino oscillation parameters, yielding sin2 2θ = 1.01 and ∆m2 = 6.9× 10−5 eV2
at the minimum of the χ2 function. These values are in good agreement with the LMA solution of the
solar neutrino problem.
5.6 Neutrinoless Double β Decay
A fundamental question left open by the neutrino oscillation experiments is whether the neutrino is a
Dirac or Majorana particle. As discussed above, in most scenarios that generate a massive neutrino,
such as the see-saw mechanism [248–250], the neutrino has a Majorana mass term. Perhaps the most
direct test of this possibility is carried out through the search for a neutrinoless final state in the double
β decay of heavy 0+ nuclei,
A(Z,N)→ A(Z ∓ 2, N ± 2) + 2e±, (171)
Since these modes entail a change of total lepton number (L) by two units, a non-zero result would imply
that the neutrino is its own antiparticle. Experimentally, the signature for the 0ν mode is characterized
by a sharp peak at the endpoint of the 2νββ decay spectrum. Until recently, no statistically significant
0ν peak had been observed, and this absence led to upper bounds on the rate for neutrinoless decay.
A summary of representative, present limits on T 0ν1/2 from a variety of experiments is given in Table 10.
The most stringent limits had been obtained from two experiments using Ge detectors, the Heidelberg-
Moscow (HM) [407,408] and IGEX experiments [409,410]. The two experiments employed comparable
quantities of 86% enriched 76Ge and quoted similar background levels of 0.20 counts/(keV·kg·yr). How-
ever, a different limiting factor in background suppression was identified in the two experiments. The
HM Collaboration saw the presence of copper in the cryostat as the dominant limitation, whereas
in the IGEX experiment, the presence of radon and activated 68Ge were considered the most serious
backgrounds. The T 0ν1/2 limits for the two experiments are comparable.
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Table 10: Representative present (upper part) and prospective (lower part) 0νββ limits,
compiled from Refs. [320,406]. The forth column shows a range of theoretical expectations
for T 0νββ1/2 for 〈mν〉 = 50 eV given various nuclear matrix element computations. The limits on
〈mν〉 in the last colmun of the upper part of the Table are those quoted in the experimental
papers; the ranges in the lower part indicate proposed sensitivities.
Isotope Experiment T 0ν1/2(y) [90% CL] T
0ν
1/2(y) [Theory] 〈mν〉 [eV]
76Ge HM [407,408] 1.9× 1025 6.8− 70.8× 1026 < 0.35
76Ge IGEX [409,410] 1.6× 1025 6.8− 70.8× 1026 < 0.33− 1.25
136Xe Gotthard [411] 4.4× 1023 7.2− 48.4× 1026 < 1.8− 5.2
130Te MIBETA [412] 1.4× 1023 0.6− 23.2× 1026 < 1.1− 2.6
100Mo ELEGANTS [413] 5.5× 1022 1.2− 15.6× 1026 < 2.1
76Ge GENIUS [414] 1× 1028 6.8− 70.8× 1026 0.013− 0.042
76Ge Majorana [415] 3× 1027 6.8− 70.8× 1026 0.024− 0.077
136Xe EXO [416] 8× 1026 7.2− 48.4× 1026 0.050− 0.120
130Te CUORE [417] 2× 1026 0.6− 23.2× 1026 0.050− 0.170
100Mo MOON [418] 1× 1027 1.2− 15.6× 1026 0.017− 0.060
Recently, a subset of the HM Collaboration has reported a signal for neutrinoless decay. While the
initial report [419] generated controversy [420], an analysis of additional data indicates a 4 σ effect,
with T 0ν1/2 = (0.69 → 4.18) × 1025 y at 99.73% CL [421]. Using an estimate for the uncertainty in
nuclear matrix elements (see below), the authors derive a range for the effective mass of the exchanged
Majorana neutrino — 〈mν〉 = (0.1 → 0.9) eV — that would indicate a highly degenerate neutrino
spectrum. Given the potential implications of this result, independent experimental confirmation (e.g.,
using a different nucleus and experimental method) is clearly warranted.
A number of proposals have been developed for improving the rate sensitivity by several orders of
magnitude. These proposals are discussed extensively in the recent review by Elliot and Vogel [406],
and we do not repeat their discussion here. However, in Table 10, we summarize the goals of the
five most widely discussed proposals: GENIUS [414] (GErmanium NItrogen Underground Setup) that
would consist of an array of 2.5 kg Ge crystals; Majorana [415] that would build a 500 kg detector
from 210 segmented Ge crystals; EXO [416] (Enriched Xenon Observatory) that proposes to employ
10 tons of 60-80% enriched 136Xe in the Waste Isolation Pilot Plant (WIPP); CUORE [417] (Cryogenic
Underground Observatory for Rare Events) at Gran Sasso that would use 1000 TeO2 crystals; and
MOON (MOlybdenum Observatory of Neutrinos) that would use 34 tons of natural Mo. The designs
of the two Ge experiments follow from the differently identified limiting backgrounds in the HM and
IGEX experiments, respectively. The segmentation of the crystals in the Majorana detector would
permit veto of 68Ge induced events that were highlighted in the IGEX experiment. In contrast, the
Ge crystals in the GENIUS experiment would be isolated in a liquid nitrogen bath from the external
sources of radioactivity considered most problematic by the HM Collaboration.
From a theoretical standpoint, the reliable extraction of limits on neutrino properties from the T 0ν1/2
lower bounds have proved as challenging as the experiments themselves. The most common theoretical
analyses assume that neutrinoless decay is mediated by the exchange of a light Majorana neutrino. In
this case, the rate is proportional to the square of the effective mass,
〈mν〉 =
∣∣∣∣∣∣
∑
j
|Uej|2eiαjmj
∣∣∣∣∣∣ , (172)
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where the sum runs over all light neutrino generations, the Uej connects left handed electron neutrino
weak eigenstate to the Majorana mass eigenstates labeled by the index, j, and the αj are the N − 1
Majorana phases in the general neutrino mass matrix. Note that the presence of these phases allows
for the possibility of cancellations in the sum over light mass eigenstates.
The remaining theoretical input to the rate involves nuclear matrix elements. For the 0+ → 0+
decays of interest here, one has,
1
T 0ν1/2
= G0ν(E0, Z)
∣∣∣∣∣M0νGT − g
2
V
g2A
M0νF
∣∣∣∣∣
2
〈mν〉2, (173)
where M0νF and M
0ν
GT are the Fermi and Gamow-Teller matrix elements for the ∆Q = 2 nuclear transi-
tion, respectively, gV (gA) are the (axial) vector coupling of the W boson to quarks, and G
0ν(E0, Z) is
a calculable phase space factor that depends on the energy, E0, released to the two electrons.
The matrix elements M0νF,GT depend on a joint neutrino-nucleus Green’s function that involves a sum
over all possible intermediate nuclear states. Nuclear model studies indicate that the sum is dominated
by states within a fairly narrow range of energies and that it may be rather well approximated by
using closure with an appropriate choice for the average excitation energy. Matrix elements of the
resulting two-body operator must then be computed between the initial and final ground state wave-
functions. For the kinematics of the neutrinoless decay, the operator samples relatively high momentum
components of the wave-functions that are not well constrained by existing measurements of nuclear
properties. Different model calculations have led to a fairly broad spread in the values of the M0νF,GT .
Two types of approaches have been taken [406], namely nuclear shell model computations and those
involving the quasi-particle random phase approximation (QRPA). In the former case, the huge size
of the single particle basis requires truncation of the model space to perform tractable computations.
In order to account for omitted states, one generally employs effective operators that act within the
truncated model space to compensate for the truncation. Since no one has, as yet, derived these effec-
tive operators by rigorously integrating out the omitted states, phenomenological tests of the effective
operators must be employed to evaluate their degree of effectiveness. While such tests have proved
successful in analyzing nuclear systematics such as magnetic moments or single particle Gamow-Teller
transitions, there exist few, if any, independent tests of effective operators relevant to M0νF,GT .
The QRPA approach entails performing a complete sum over particle-hole or particle-particle “bub-
bles”. The strength of the particle-particle interaction, gpp can be adjusted to yield agreement with
measured 2νββ decay Gamow-Teller strengths and then used in calculations of M0νF,GT . However, the
value of gpp needed to account forM
2ν
GT is close to the limit of validity for the QRPA equations, indicating
the importance of more complicated configurations than the two particle or particle-hole configurations
included in the QRPA framework. Were it not for the truncation problem, the shell model would
provide a more realistic framework, since diagonalization of the shell model space includes the effect
of complex configurations. As it stands, however, neither approach has proved completely satisfac-
tory, and this situation is reflected in the wide variation in QPRA and shell model predictions for the
M0νF,GT . One rough guide to the theoretical uncertainty associated with these approximations is pro-
vided by a comparison of different calculations. In the case of 76Ge, for example, the spread in rates
among various calculations is roughly an order of magnitude, leading to a factor of three spread in the
values of 〈mν〉. One should bear in mind, however, that such comparisons may overlook systematic
shortcomings pertinent to all published calculations (such as the approximations employed in a given
method) and, therefore, may underestimate the degree of theoretical uncertainty. Clearly, new ideas are
needed for providing more robust computations of the M0νF,GT for the light Majorana neutrino scenario.
These caveats notwithstanding, the proposed future 0νββ decay experiments summarized above would
improve the 〈mν〉 sensitivity to the 50 meV range.
The exchange of a light Majorana neutrino is not, however, the only mechanism by which the
neutrinoless mode may occur. It is also possible that the exchange of a heavy particle drives the
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decay. In the case of the see-saw model [248–250], for example, cancellations in the sum (172) may
suppress the effect of the light neutrinos, thereby exposing the effect of exchanged heavier Majorana
neutrinos. Alternatively, the exchange of some other Majorana particle, such as the neutralino (χ0) in
SUSY scenarios may be dominant [422,423]. Recently, the framework for treating such heavy particle
exchange in the nucleus has been placed on a firmer theoretical footing through the use of an EFT [424].
The EFT approach involves integrating out the heavy particle, and leaving dimension nine operators
containing four quark and two lepton fields. In the most general case one has [424],
L0νββ = G
2
F
Λββ
14∑
j=1
Cj(µ)Oˆj e¯Γje
c, (174)
where Λββ is a mass scale associated with the heavy lepton number violating physics (e.g., the mass
of the χ0), the Oˆj are four-quark operators, the Γj are Dirac matrices, and the Cj(µ) are constants
determined by a particular particle physics model. In order to compute the effects of L0νββ in ∆Q = 2
0+ → 0+ transitions, one can construct the appropriate set of hadronic operators containing nucleon
and pion fields that reflect the spacetime and chiral transformation properties of the various Oj . The
hadronic operators can be expanded systematically in powers of Q/Λhad, where Q is some momentum
or mass relevant to nuclear processes and Λhad is the hadronic scale at which one matches the Oj onto
the hadronic basis. One may then systematically construct an appropriate set of nuclear operators
using this tower of effective hadronic interactions, and use them to compute ground state-to-ground
state transition matrix elements.
The genesis for this development appeared in the work of Ref. [422], where the particular case of
RPV SUSY was studied and where it was pointed out that long range, pion exchange nuclear operators
could be generated by the relevant four-quark operators. A more comprehensive and systematic devel-
opment of this framework using the ideas of EFTs was subsequently given in Ref. [424]. In that work,
additional scenarios for 0νββ decay were discussed, and the importance of considering the spacetime
and chiral properties of the relevant Oj illustrated. Under certain scenarios, these symmetries imply an
enhancement of the nuclear matrix element via the existence of lower order operators that are otherwise
forbidden. Additional theoretical work is needed, however, in order to fully implement these ideas. In
particular, a refined treatment of QCD effects — such as the RG evolution of the Cj(µ) from the scale
Λββ down to Λhad — remains to be carried out. In addition, the degree to which the nuclear matrix ele-
ments reflect the systematic power counting in Q/Λhad of the hadronic and nuclear operators is an open
question, as is the appropriate treatment of short range correlations in taking nuclear matrix elements.
In this respect, new studies of parity violation in hadronic systems may provide useful guidance.
5.7 Anomalous Magnetic Moment of the Muon
The magnetic moment of the electron, ge, provides the best determination of the fine structure con-
stant, but is currently not measured precisely enough to give a sensitive probe of EW physics which is
suppressed by a factor (α/π)m2e/M
2
W ∼ O(10−13). Meaningful (but still weak) bounds on NP contri-
butions can be set only if they enter without loop suppression. On the other hand, EW contributions
to the anomalous magnetic moment of the muon21 [425], aµ = (gµ − 2)/2, are enhanced by a factor
m2µ/m
2
e ∼ 4 × 104, which renders them sizable enough to be detectable at the E821 experiment at the
AGS at BNL.
Recently, the E821 Collaboration [426] published its final result, leading to the new world average,
aµ(exp.)− α
2π
= (4511.07± 0.63)× 10−9. (175)
21aτ has not yet been observed experimentally.
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Individual results on positively and negatively charged muons are in good agreement with each other
and serve as a test of the CPT theorem. The value (175) is precise enough to provide a good laboratory
to test the SM and probe theories beyond it [427]. For example, scenarios of low energy supersymmetry
with large tan β and moderately light superparticle masses can give large contributions to aµ [428].
Unfortunately, the interpretation of aµ is compromised by large theoretical uncertainties introduced
by hadronic effects. Two- and three-loop vacuum diagrams containing light quark loops22 cannot be
calculated reliably in perturbative QCD (PQCD). Instead they are obtained by computing dispersion
integrals over measured (at low energies) and theoretical (at higher energies) hadronic cross sections.
At the two-loop level [430],
aµ(had; 2-loop) =
(
α mµ
3π
)2 ∫ ∞
4m2pi
ds
s2
Kˆ (s)R(s), (176)
where R(s) is the cross section of e+e− → hadrons, normalized to the tree level cross section of
e+e− → µ+µ−, and where
Kˆ(s) =
∫ 1
0
dx
3x2(1− x)
1− x+ x2m2µ/s
. (177)
The uncertainty introduced by this procedure is comparable to the experimental one in (175). An
analogous uncertainty occurs in the QED coupling constant, αˆ(µ), preventing its precise theoretical
computation from the fine structure constant, α, for µ >∼ 2mπ0 . Note that knowledge of αˆ(MZ) is
indispensable for the extraction of MH from EW precision data (see Section 1.3). As a result, these
hadronic uncertainties are strongly correlated with each other [429], with the renormalization group
evolution of the weak mixing angle, and also with other fundamental SM parameters, such as the
strong coupling constant and the heavy quark masses. In addition to R(s), one can obtain additional
experimental information using τ spectral functions and isospin symmetry when isospin breaking effects
are properly taken into account. A τ -based analysis yields [431],
aµ − α
2π
= (4509.83± 0.58)× 10−9, (178)
which is marginally (within 1.4 σ) consistent with the result (175). On the other hand, using only R(s)
including the most recent data from the CMD-2 Collaboration [432] yields [431],
aµ − α
2π
= (4508.36± 0.72)× 10−9, (179)
i.e., a 2.8 σ deviation. The R(s) driven value is also consistent with the findings of Refs. [433,434] which
defined a higher cutoff for the transition from experimental data to PQCD. The difference between the
evaluations (178) and (179) can be traced to a discrepancy between the 2π spectral functions obtained
from the two methods. For example, if one uses the e+e− data and CVC to predict the branching ratio
for τ− → ντπ−π0 decays one obtains 24.52± 0.32% [431] while the average of the measured branching
ratios by DELPHI [435], ALEPH, CLEO, L3, and OPAL [431] yields 25.43 ± 0.09%, which is 2.8 σ
higher. It is important to understand the origin of this difference and to obtain additional experimental
information (e.g., from the radiative return method [436]). Fortunately, this problem is less pronounced
as far as ahadµ is concerned: due to the suppression at large s (from where the conflict originates) the
difference is only 1.7 σ (or 1.9 σ if one adds the 4 π channel which by itself is consistent between the
two methods). Note also that a part of this difference is due to the older e+e− data [431], and the
direct conflict between τ decay data and CMD 2 is less significant. Isospin violating corrections have
been estimated in Ref. [437] and found to be under control. The largest effect is due to higher order
22In contrast, the contributions from heavy quarks and from light quarks in the perturbative regime are known in
analytic form [429].
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EW corrections [438] but introduces a negligible uncertainty [439]. If we view the 1.7 σ difference as a
fluctuation and use all available information as constraints in a SM fit we find,
aµ(SM)− α
2π
= (4509.15± 0.49)× 10−9, (180)
which corresponds to a 2.4 σ deviations. Thus, regardless of whether one trusts the τ -based analysis or
follows Ref. [434] which argues that CVC breaking effects (e.g., through a relatively large mass difference
between the ρ± and ρ0 vector mesons) may be larger than expected23, one concludes in both cases that
there is a deviation at the level of two and a half standard deviations.
The error in the prediction (180) is from the hadronic uncertainties excluding parametric ones
such as from αs and the heavy quark masses. We estimate its correlation with ∆α(MZ) to −24%.
The uncertainty in (180) includes a contribution from the hadronic three-loop light-by-light scattering
amplitude [440], aµ(LBLS) = (+0.83 ± 0.19) × 10−9, which has been estimated within a form factor
approach. Its sign is opposite relative to earlier work, and has subsequently been confirmed by two
other groups [441,442]. A more rigorous calculation based on χPT confirmed the value of aµ(LBLS)
but could not exclude the possibility that its uncertainty might have been underestimated [443]. In this
context, aµ(LBLS) depends on several a priori unknown constants, not all of which can be determined
in a model-independent way from other measurements. The uncertainty in aµ(LBLS) associated with
the unknown constants could be substantially larger than what is quoted for the model calculation
of Ref. [440], potentially reducing the significance of the deviation from the SM value (180). Other
hadronic effects at three-loop order [444] contribute ahadµ (α
3) = (−1.00± 0.06)× 10−9.
Note added: After the completion of this Section, an update [445] appeared of the four-loop QED
contribution reducing the discrepancy of aµ with the SM by 0.22 σ. There was also a new estimate [446]
of aµ(LBLS) = (+1.36± 0.25)× 10−9, which would reduce the discrepancy further by 2/3 of a standard
deviation.
6 Weak Probes of the Strong Interaction
6.1 Hadronic Parity Violation
Despite decades of experimental and theoretical study, achieving a solid understanding of the weak
interaction between quarks remains an elusive goal. In contrast to the analysis of purely leptonic and
semileptonic weak interactions, one cannot disentangle the effects of non-perturbative strong interactions
between quarks from those generated by the weak interaction. This difficulty is reflected by a number
of on-going puzzles in the ∆S = 1 sector, the best known being the ∆I = 1/2 rule. While the latter
has been well established empirically, its dynamical origins remain mysterious. Indeed, even the most
general considerations of symmetries in QCD do not provide much insight in this case. Similarly, the
weak decays of strange baryons do not appear to respect the symmetries of QCD. The long standing
S-wave/P -wave discrepancy, wherein a simultaneous accounting for the parity conserving and parity
violating amplitudes evades the grasp of chiral dynamics, points to a breakdown of QCD symmetries
in the hadronic weak interaction (HWI). Similar issues also arise in weak radiative decays of polarized
hyperons, which display PV asymmetries that should vanish in the limit of exact SU(3) symmetry and
that are unnaturally large from the standpoint of naive SU(3) breaking expectations.
These issues pertaining to ∆S = 1 HWIs have been studied and reviewed extensively elsewhere, so
we do not treat them in detail here (see, e.g., Refs. [447,448] and references therein). We note, however,
that they pose a more general question: are the apparent failures of QCD symmetries in strangeness
23Large CVC breaking effects would also be relevant in the context of the NuTeV discrepancy discussed in Sec-
tion 2.1 [434].
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changing HWIs due to the presence of a strange quark with mass close to the QCD scale, or do they
reflect poorly understood dynamics at a more fundamental level? In order to address this question, one
would ideally study the ∆S = 0 HWI — for which one expects strange quark effects to be sub-dominant
— with the same level of intensity as one has scrutinized the ∆S = 1 sector. In practice, doing so has
presented challenges of its own. As we outline below, however, recent experimental and theoretical
developments may have put this field on a new and more promising footing.
Because the parity conserving ∆S = 0 HWI is masked at low energies by much larger strong and
electromagnetic effects, one must isolate the former by studying PV processes. Historically, such studies
have been carried out largely in nuclei, where various features of nuclear structure may amplify tiny
PV effects. One generically expects the size of low energy, hadronic PV observables to be of order
GFF
2
π ∼ 10−7, thereby making their observation an enormously challenging task. Indeed, only two
PV observables of this magnitude in the more pristine few-body system have been measured: AppL , the
longitudinal analyzing power in polarized proton-proton scattering [449–455], and the corresponding
analyzing power in elastic ~pα scattering, ApαL [456,457].
The remaining hadronic PV observables have involved nuclei that enhance the effects by several
orders of magnitude. The largest effects have been observed in the scattering of polarized, epithermal
neutrons from 139La, where a ∼ 10% asymmetry was seen [458–460],
Az = (9.55± 0.35)× 10−2. (181)
Unfortunately, the theoretical interpretation of measurements involving heavy nuclei is difficult, since
one cannot perform ab initio nuclear structure computations for such systems. A somewhat more
tractable situation arises in the case of the lighter S–D shell nuclei, such as 18F. Here, fortuitous near
degeneracies of opposite parity states can enhance the magnitude of parity mixing in the nuclear wave-
function by factors of ten or more. When probed electromagnetically, these large parity mixing effects
can be additionally amplified since the parity mixing allows contributions from large, parity forbidden
multipole matrix elements to the transition amplitudes of interest. The resulting observables can be as
large as a few ×10−4. For example, one has for the directional asymmetry in the γ decay of polarized
19F from its first excited state,
Aγ(
19F) = −(8.5 ± 2.6)× 10−5 [461], Aγ(19F) = −(6.8± 1.8)× 10−5 [462, 463], (182)
for the circular polarization in the γ decay of excited 21Ne,
Pγ(
21Ne) = (24± 24)× 10−4 [464], Pγ(21Ne) = (3± 16)× 10−4 [465], (183)
or for the circular polarization in the γ decay of 18F (in units of 10−4),
Pγ(
18F) = −7±20 [466], Pγ(18F) = 3±6 [467], Pγ(18F) = −10±18 [468], Pγ(18F) = 2±6 [469]. (184)
Note that the Pγ results are consistent with zero. However, owing to the nuclear enhancements expected
in 21Ne and 18F, measurements at the 10−4 level can probe O(10−7) strangeness conserving HWIs.
Given the short range (∼ 0.002 fm) of the HWI, it is improbable that direct exchange of W and Z
bosons between nucleons are responsible for the PV effects observed in these nuclei. Indeed, the repulsive
hard core of the strong NN interaction that becomes dominant below 0.4 fm highly suppresses directW
and Z exchange. Consequently, theorists have conventionally relied upon a meson exchange framework
for describing the PV NN interaction. In this picture, the PV HWI resides within one of the two
meson-nucleon vertices appearing in the meson exchange amplitude (the second vertex involves a purely
strong, parity conserving interaction). Moreover, the Compton wavelength of the lightest pseudoscalar
and vector mesons is sufficient to overcome the short range repulsion of the NN interaction. Thus, one
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has a physically natural mechanism for understanding the observed PV effects in nuclei, and one that
is consistent with the long standing framework for understanding the strong NN interaction.
Unfortunately, the application of this picture to nuclear PV entailed the reliance on a number of
model approximations — not all of which are well controlled — and resulted in a less than successful
phenomenology. The first approximation has been to severely truncate the spectrum of exchanged
mesons, retaining only the π, ρ, and ω. The resulting model for the PV NN potential then depends on
seven, a priori unknown PV meson-nucleon couplings, hIM , that appear in the PV NN potential,
HPV = h
1
π√
2
N¯(τ × π)3N − N¯
(
h0ρτ · ρµ + h1ρρµ3 +
h2ρ
2
√
6
(3τ3ρ
µ
3 − τ · ρµ)
)
γµγ5N
−N¯
(
h0ωω
µ + h1ωτ3ω
µ
)
γµγ5N + h
′1
ρ N¯(τ × ρµ)3
σµνk
ν
2mN
γ5N. (185)
Here, the superscripts in the hIM denote the isospin (I = 0, 1, 2) of the corresponding meson-nucleon
interaction. The longest range effect that arises from the exchange of charged pions is characterized by
a single PV Yukawa coupling, h1π.
The goal of experiment has been to provide a self-consistent determination of these couplings. In
doing so, one has relied upon many-body nuclear calculations in order to relate the PV NN model
potential to the PV observables. This portion of the analysis thereby entails a second level of approx-
imation associated with the nuclear many-body problem. In some cases, such as Pγ(
18F), one may
attempt to constrain the nuclear theory uncertainties by calibrating the parity mixing matrix elements
to those of the two-body axial charge operator that contribute to the analog forbidden β decays. This
semi-empirical approach, however, is not feasible in all cases. A recent example involves the anapole
moment of 133Cs (see Section 2.3), where the state of the art involves a shell model computation using
a truncated model space. In fact, a comparison of the 133Cs analysis with that of 18F presents a partic-
ularly puzzling phenomenological inconsistency. While the analysis of the Pγ(
18F) measurements imply
a value for h1π consistent with zero (assuming the DDH ranges for h
1
ρ and h
1
ω discussed below) [470],
− 0.6 <∼ h1π − 0.11h1ρ − 0.19h1ω <∼ 1.2, (186)
a combination of AppL results and the
133Cs anapole moment suggests that h1π is considerably larger.
Whether the origin of this discrepancy lies with experiment, the nuclear many-body theory, or the
adoption of an inadequate model for the PV NN potential is unknown at present. One expects that a
precise measurement of Aγ(~np → dγ), the photon asymmetry in the capture of polarized neutrons on
hydrogen that is underway at LANSCE [471,472], will shed new light on this question.
Even if one were able to extract a self-consistent set of values for the hIM from experiment, their
interpretation in terms of the underlying weak quark-quark interaction would remain problematic. It
is not entirely clear, for example, that the hIM represent the couplings of the physical mesons to the
nucleon rather than some effective parameters that include the contributions from a tower of heavier
meson exchanges. Under the assumption that the hIM do represent physical meson-nucleon couplings,
Desplanques, Donoghue, and Holstein (DDH) used symmetry arguments and quark model computations
to predict values for the PV couplings from the underlying ∆S = 0 PV quark-quark interactions [473].
The so-called DDH “reasonable ranges” and their updates [474,475] (see Table 11) have become the
benchmark for comparison with experiment, and their latitude reflect the theoretical strong interaction
uncertainties entering the treatment of HWIs. Even the symmetry arguments used by DDH may not
be entirely well founded. For example, the effects of chiral symmetry breaking on the value of h1π —
not included in the DDH treatment — may be anomalously large [140].
These theoretical and phenomenological issues triggered a reformulation of the hadronic PV prob-
lem [476–478]. The basic thrust of that work was to recast the PV NN interaction into the framework
of an EFT, thereby eliminating the dependence on the model dependent meson exchange picture. The
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Table 11: Weak, PV meson-nucleon couplings as calculated in Refs. [473–475]. All numbers
are quoted in units of the “sum rule” value gπ = 3.8× 10−8 [473].
Coupling DDH Reasonable Range [473] DDH Best Value [473] DZ [474] FCDH [475]
h1π 0→ +30 +12 + 3 + 7
h0ρ +30→ −81 −30 −22 −10
h1ρ − 1→ 0 −0.5 + 1 − 1
h2ρ −20→ −29 −25 −18 −18
h0ω +15→ −27 − 5 −10 −13
h1ω − 5→ − 2 − 3 − 6 − 6
use of EFT allows one to expand HPV in the most general set of PV operators, and systematically
classifying them in powers of Q/Λχ, where Q≪ 1 GeV is either the pion mass or a typical momentum
transfer associated with the NN interaction. Doing so allows one to truncate the expansion at a given
order in Q/Λχ with a reasonable expectation for the magnitude of the truncation error. The coefficients
of the operators are left as a priori unknown “low energy constants” (LECs) that are to be determined
from experiment. This approach is model independent, since, to a given order in the expansion, one
includes all operators consistent with the symmetries of the underlying EW and strong interactions. In
essence, the meson exchange model dictates certain relations among these operators — relations that
may not, in fact, be consistent with experiment.
For very low energies, one may treat the pion as heavy and integrate it out from the EFT, leaving
only short range, four-nucleon operators in HPV. Through O(Q/Λχ), there exist only five independent
operators and, thus, only five independent LECs that must be taken from experiment,
λpps , λ
pn
s , λ
nn
s , λt, and ρt. (187)
For higher energy processes, for which E >∼ mπ, the pion must be treated as a dynamical degree of
freedom and additional operators appear in the EFT. In this case, the leading contribution in HPV
arises at O(Λχ/Q) and is the same long range pion exchange operator containing h1π in Eq. (185).
The future program for hadronic PV that is laid out in Refs. [476–478] involves performing a set
of few-body measurements to determine the coefficients of the operators appearing in the EFT. In the
case of the EFT without pions, the constants (187) could be obtained by combining the ~pp and ~pα
results with three additional observables: the circular polarization, Pγ, and photon asymmetry, Aγ, in
radiative np capture and the rotation of neutron spin as it passes through a gas of 4He, dφnα/dz. Using
somewhat idealized few-body wave-functions, Refs. [476–478] obtained approximate relations between
the PV constants and these observables,
mNλ
pp
s = −1.22AppL (45 MeV),
mNρt = −9.35Aγ(np→ dγ),
mNλ
pn
s = 1.6A
pp
L (45 MeV)− 3.7ApαL (46 MeV) + 37Aγ(np→ dγ)− 2Pγ(np→ dγ), (188)
mNλt = 0.4A
pp
L (45 MeV)− 0.7ApαL (46 MeV) + 7Aγ(np→ dγ) + Pγ(np→ dγ),
mNλ
nn
s = 0.83
dφnα
dz
− 33.3Aγ(np→ dγ)− 0.69AppL (45 MeV) + 1.18ApαL (46 MeV)− 1.08Pγ(np→ dγ).
Although a more precise version of these relations will require the use of more sophisticated few-body
methods, Eqs. (188) provide a rough guide for a future experimental program. In the case of the EFT
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with explicit pions, additional experiments, such as radiative nd capture or np spin rotation, will be
needed in order to determine all of the PV parameters.
Once such a program is completed, the LECs, h1π, λ
pp
s , etc., would provide model independent input
for theoretical analyses. One direction would involve first principles studies that would address the fun-
damental question of QCD symmetries and the HWI outlined above. For example, are the magnitudes
of the various LECs consistent with what one expects based on these symmetry considerations? Or,
does one find surprising enhancements as in the ∆S = 1 sector? Alternately, the PV NN interaction,
HPV, could be used to re-analyze the PV observables in many-body systems. To the extent that one
is able to understand the latter using the more “primordial” PV NN interaction derived from EFT
and few body experiments, one would have some confidence of the applicability of the EFT to complex
nuclei — a situation that might open the way to applying EFT methods to other weak processes, such
as 0νββ decay discussed in Section 5.6.
6.2 Probes of Nucleon Strangeness
As noted in the foregoing discussion, the strange quark — with its mass of order ΛQCD — presents
a variety of theoretical challenges from the standpoint of HWIs. It is a similarly problematic object
for those seeking to understand the structure of hadrons. Its mass is not sufficiently heavy to apply
heavy quark effective theory, and it may not be sufficiently light to apply chiral dynamics with a high
degree of confidence. In the simplest quark model description of the lowest lying non-strange baryons,
the strange quark does not appear as a constituent degree of freedom. On the other hand, there have
been indications that it contributes substantially to the nucleon mass and possibly to the nucleon spin.
For these reasons, there has been considerable interest within the hadron structure community over the
past decade to probe other aspects of strange quarks in the nucleon, in the hope of gaining new insights
into the non-perturbative strong interaction.
In this regard, the weak NC interaction between leptons and quarks has provided a new tool to
study strange quarks. The basic idea, first proposed by Kaplan and Manohar [479], is that the hadronic
vector weak NC contains a different linear combination of the various quark currents, q¯γµq (q = u, d, s)
than the electromagnetic current. Similarly, the hadronic axial vector NC contains a term involving
q¯γµγ5q that is not simply related via an SU(3) flavor rotation to the charge changing weak currents
relevant to weak decays or CC lepton-nucleon scattering. By performing measurements of the hadronic
weak NC form factors, one obtains additional information that allows one to experimentally separate
the up-, down-, and strange quark vector and axial vector current matrix elements in the nucleon. Then
one can in principle determine the role played by the strange quark in the nucleon’s electromagnetic
and spin structure. For example, in the case of the vector currents, one has for the proton [136,480],
GNCE,M(Q
2) = 2QW (p)G
p
E,M(Q
2) + 2QW (n)G
I=0
E,M(Q
2)−GsE,M(Q2), (189)
where QW (p) = 1/2− 2 sin2 θW and QW (n) = −1/2 are the tree level proton and neutron weak charges
(see Section 2.2) and the GaE,M are the Sachs electric (E) and magnetic (M) proton (a = p) and
neutron (a = n) electromagnetic and strange quark (a = s) form factors. Since one has experimental
information on Gp,nE,M(Q
2) from parity conserving electron scattering, measurements of GNCE,M(Q
2) with
parity violating electron scattering (PVES) effectively provide determinations of GsE,M(Q
2). Note that
at very low momentum transfer GnE(Q
2) and GsE(Q
2) vanish linearly with Q2, so that a measurement
of GNCE (Q
2) at sufficiently low Q2 provides a determination of the proton’s weak charge.
A substantial program involving PVES has been generated by these ideas. Since this program has
been extensively reviewed in Refs. [136] and [481–484], we give only a brief summary here. The PVES
program involves measuring the PV helicity asymmetry for scattering longitudinally polarized electrons
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Table 12: Present (upper part) and future (lower part) strange quark form factor (FF)
determinations with PVES and neutrino scattering. Statistical and systematic errors have
been combined in quadrature.
Experiment Lepton Target FF Combination |Q2| (GeV)2 Result
SAMPLE [484,485] e p, 2H GsM 0.1 0.37± 0.34
HAPPEX [486] e p GsE + 0.392G
s
M 0.477 0.014± 0.022
A4 [490] e p GsE + 0.225G
s
M 0.230 0.039± 0.034
BNL E734 [105,493] νµ,ν¯µ
12C 0.2→ 1.2 GsA(0) −0.21± 0.10
νµ,ν¯µ
12C 0.2→ 1.2 GsM(0) −0.40± 0.72
νµ,ν¯µ
12C 0.2→ 1.2 m2N dGsE(0)/dQ2 −0.57± 0.62
HAPPEX [487,488] e p GsE + 0.08G
s
M 0.01 ±0.01
HAPPEX [488,489] e 4He GsE 0.01 ±0.015
GØ [491,492] e p GsE 0.300 ±0.112
e p GsE 0.500 ±0.073
e p GsE 0.800 ±0.051
e p GsM 0.300 ±0.031
e p GsM 0.500 ±0.033
e p GsM 0.800 ±0.034
FINeSSE [494] νµ
12C 0.5→ 1.0 GsA ±0.04
from a hadronic target. For elastic scattering one has,
ALR =
dσ+ − dσ−
dσ+ + dσ−
=
GFQ
2
4
√
2πα
[
QW + F (Q
2, θ)
]
, (190)
where dσ+(−) is the cross section for scattering electrons with positive (negative) helicity; F (Q
2, θ) is
a term that depends on the target’s electromagnetic, axial vector, and strange quark form factors;
Q2 = |~q|2 − q20; and θ is the laboratory scattering angle. The dependence on Q2 and θ can be exploited
to isolate the dependence on various form factor components (e.g., electric, magnetic, and axial).
A variety of measurements of the vector NC form factors are being carried out at MIT-Bates, the
MAMI facility in Mainz, and at Jefferson Lab. A summary of the present and future strange quark
form factor determinations from these experiments is given in Table 12.
Theoretical uncertainties in the EW radiative corrections preclude the use of PVES for a determi-
nation of GsA [139]. The cross section for neutrino-nucleon scattering is free from such uncertainties,
however, and thus provides a theoretically clean means of obtaining this form factor. Several neutrino
scattering measurements have been used. The analysis of these measurements is complicated by the
kinematics of neutrino NC scattering, for which one detects recoil nucleons rather than the outgoing
lepton. The experimental cross sections are, thus, effective integrals over Q2, so only the form factor
for an average < Q2 > or fits to form factor moments can be quoted. The values shown in Table 12
for the BNL E734 experiment [105] are taken from a reanalysis by Garvey et al. [493] in which the
form factors and their slopes at Q2 = 0 were fit to the data (for other reanalyses, see Refs. [495,496]).
Note that the experiments performed to date have entailed the use of QE neutrino-nucleus scattering,
which introduces some small degree of nuclear model dependence. A future measurement at Fermilab
(FINeSSE) has been proposed, but it is yet to be approved for running [494]. For a review of the
theoretical hadron structure implications of the current experimental results, see e.g. Ref. [484].
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In addition to the use of PVES to probe strangeness, it may also provide a probe of various aspects
of nucleon structure. In particular, the PAVEX experiment at Jefferson Lab will use elastic PVES from
208Pb to measure the Fourier transform of the neutron distribution in that nucleus [180]. In contrast
to the photon, the Z couples preferentially to neutrons rather than protons at low momentum transfer,
making it a particularly powerful probe of neutron properties in the nuclear medium. In the past,
strongly interacting probes, such as pions and protons, have been used in attempts to determine such
neutron properties. In contrast, the purely leptonic probe of PVES provides a theoretically cleaner
means of studying the neutron distribution.
7 Summary and Outlook
The next decade promises to be a time of discovery in the field of EW physics. With the operation of the
Large Hadron Collider at CERN, one expects to discover at least one Higgs boson and to find evidence
for other new particles, such as the superpartners of SUSY or additional light gauge bosons of grand
unified theories. As outlined in this article, progress on the high energy collider front is being matched
by new strides in the study of low energy weak interactions involving light quarks and leptons. The
precision of experiments in this arena are making them sensitive to NP at the TeV scale and beyond
in ways that complement the reach of colliders. From our perspective, several aspects of the future
program of low energy studies merit emphasizing:
• Neutrino properties. Now that neutrino oscillations have provided the clearest experimental
“smoking gun” for physics beyond the SM, it is essential to map out the characteristics of neu-
trinos and their interactions in as detailed a manner as possible. In particular, one would like to
know the scale of neutrino mass, whether there exist more than three generations of light neutri-
nos, whether the neutrino is a Majorana particle, and whether the neutrino mixing angle θ13 is
sufficiently large to lead to significant CP violating effects in the lepton sector. From this stand-
point, more precise measurements of tritium β decay and neutrinoless double β decay, along with
1-2 km reactor-based studies and long baseline experiments should provide important insights.
• Electric Dipole Moments. The prospects that one or more EDM searches will find a non-zero
result during the next decade are strong. Breakthroughs in experimental techniques for probing
the EDMs of the electron, neutron, and neutral atoms are pushing the sensitivity to a range
expected from models of EWB. Complementary efforts are also underway involving the muon and
deuteron.
• Weak mixing. The running of sin2 θW below the Z pole remains a largely untested feature of the
SM. The PV Møller experiment at SLAC will test this running precisely by measuring sin2 θW
at a specific low energy value of the momentum transfer, and the PV ep experiment at Jefferson
Lab will provide a complementary test at the same scale. Together, these experiments, along with
the results from APV and neutrino-nucleus deep inelastic scattering, begin to map out the scale
dependence of sin2 θW and either provide indications of NP or lead to stringent constraints on
deviations from the SM. Additional tests of low scale weak mixing, however, would be ideal.
• Weak decays of light quarks. The weak decays of light quarks are being studied with increasingly
high precision on a number of fronts. An issue that clearly calls for resolution is that of the
unitarity of the CKM matrix. In this respect, new experiments in neutron β decay and new
studies of kaon leptonic decays are underway, as are measurements of nuclear and pion β decay.
Open theoretical questions involving the effects of strong interactions in EW radiative corrections
and the momentum dependence of kaon form factors also require further scrutiny. Should the long
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standing deviation from unitarity persist, light quark decays would provide important constraints
on scenarios for NP.
• Muon physics. In the near future, the TWIST experiment will produce a substantially more
precise determination of the Michel parameters, by up to factors of ∼ 60 in some cases. Similarly,
the MECO experiment at Brookhaven will improve the sensitivity to µ→ e conversion by a factor
of 104, providing a new window to lepton flavor violation at the GUT scale in SUSY models or
the TeV scale in other scenarios. Measurements of the muon anomalous magnetic moment and
electric dipole moment provide complementary probes of physics at the TeV scale. In particular,
the recent determination of (g − 2)µ has provided a tantalizing hint at SUSY, and a more precise
measurement would complement future collider searches for superpartners.
Throughout our discussion of these studies, an important theme has been the complementarity of
low energy and high energy probes. Just as in the case of the top quark, where the comparison of
indirect constraints from precision measurements and direct measurements at the Tevatron provided
an important test of the self-consistency of the SM, similar comparisons will be essential in the future
for testing whatever the “new Standard Model” is to be. In some cases, such as 0νββ decay, electric
dipole moments, and µ→ e(γ), low energy studies can provide a more direct and more powerful probe
of certain aspects of NP than one may hope to achieve with colliders during the next decade.
At the same time, many of these low energy probes require having in hand a sufficiently clear
theoretical picture. In the case of quantities such as (g − 2)µ, for which the SM predicts a non-zero
result, obtaining a sufficiently reliable treatment of strong interaction contributions is essential if one is
going to make strong inferences about NP from any report of a deviation. In this respect, there exists
considerable room for future interplay between EW and QCD theory. More generally, it is important
to emphasize the role of theory in assembling the information obtained from the broad range of studies
— both low and high energy — and identifying which of the many candidates for NP provides the most
coherent account.
In summary, our view is that the field of low energy tests of the weak interaction will continue to
be an exciting one during the next decade, providing for a rich and fruitful interplay between particle,
nuclear, and atomic physicists — in both experiment and theory.
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